AD

COOPERATIVE AGREEMENT NO:DAMD17-97-2-7022

TITLE: X-Ray Crystallographic Studies on Acetylcholinesterase and
Related Enzymes

PRINCIPAL INVESTIGATORS: Joel L. Sussman, Ph.D.
I. Silman, Ph.D.

CONTRACTING ORGANIZATION: Weizmann Institute of Science
Rehovot 76100 Israel

REPORT DATE: October 1999
TYPE OF REPORT: Annual
PREPARED FOR: U.S. Army Medical Research and Materiel Command

Fort Detrick, Frederick, MD 21702-5012

DISTRIBUTION STATEMENT: Approved for public release;
distribution unlimited.

The views, opinions and/or findings contained in this report are
those of the author(s) and should not be construed as an official
Department of the Army position, policy or decision unless so
designated by other documentation.

oo mmems 0000322 103



REPORT DOCUMENTATION PAGE

Form Approved
OMB No. 074-0188

%nd Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503

g burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining
ed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for
i¥en to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arington, VA 22202-4302, and to the Office of

W7 F50ICY USE ONLY (Leave blank) | 2. REPORT DATE
October 1999

3. REPORT TYPE AND DATES COVERED
Annual (15 Sep 98 - 14 Sep 99)

4. TITLE AND SUBTITLE

X-Ray Crystallographic Studies on Acetylcholinesterase and

Related Enzymes

5. FUNDING NUMBERS
DAMD17-97-2-7022

6. AUTHOR(S)
Joel L. Sussman,
I. Silman, Ph.D.

Ph.D.

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)
Weizmann Institute of Science

Rehovot 76100 Israel

E-MAIL:
joel.sussman@weizmann.ac.il

8. PERFORMING ORGANIZATION
REPORT NUMBER

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES)

U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

10. SPONSORING / MONITORING
AGENCY REPORT NUMBER

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION / AVAILABILITY STATEMENT

bpproved for public release; distribution unlimited

12b. DISTRIBUTION CODE

13. ABSTRACT (Maximum 200 Words)

14. SUBJECT TERMS

15. NUMBER OF PAGES
101

16. PRICE CODE

17. SECURITY CLASSIFICATION
OF REPORT
Unclassified

18. SECURITY CLASSIFICATION
OF THIS PAGE
Unclassified

19. SECURITY CLASSIFICATION

20. LIMITATION OF ABSTRACT
OF ABSTRACT
Unclassified

Unlimited

NSN 7540-01-280-5500

Standard Form 298 (Rev. 2-89)
Prescribed by ANSI Std. Z39-18
298-102




FOREWORD

qunzons,A;nterpretatlons, conclusions and recommendations are

;those .of: the author and are not necessarily endorsed by the U.S.

f Army.

Where copyrighted material is quoted, permission has been
obtained to use such material.

Where material from documents designated for limited
distribution is quoted, permission has beaen cbtained to use the

; mater1a1

Cltatlons of commercial organizations and trade names in this
rapo:t do not constitute an official Department of Army
endorsement or approval of the products or services of these
organizations.

‘N/A In conducting research using animals, the investigator (s)

adhered to the "Guide for the Care and Use of Laboratory Animals,"

. 'prépared by the Committee on Care and use of Laboratory Animals of

‘the Institute of Laboratory Resources, national Research Council

(NIH Publication No. 86-23, Revised 1985).

N/A F9r the protection of human subjects, the investigator(s)
adhered to policies of applicable Federal Law 45 CFR 46.

N/A In conducting research utilizing recombinant DNA technology,
the investigator(s) adhered to current guidelines promulgated by

-the National Institutes of Health.

N/A In the conduct of research utilizing recombinant DNA, the
investigator (s) adhered to the NIH Guidelines for Research
Involving Recombinant DNA Molecules.

i'N[A.In'the conduct of research involving hazardous organisms, the

investigator (s) adhered to the CDC-NIH Guide for Biosafety in
Microbiological and Biomedical Laboratories.

C:);ruzx IJ“‘ﬁﬂ’
2/1. 1. 2000

- gnature Date




¥

SUMMARY

The principal objectives of the current project included:

1. Work on Torpedo acetylcholinesterase (TcAChE) involving two principal topics:

A) Preparation and characterization of 'aged' and 'mon-aged' organophosphoryl (OP)
conjugates.

B) Use of time-resolved crystallography in order to understand the mechanism of action of
acetylcholinesterase (AChE), as well as the traffic of substrate and products through the
active-site gorge.

2. Structural studies on other cholinesterases (ChEs).
3. Homology model building and detailed structural comparison of human, bovine fetal serum,
snake venom and insect AChE, and of horse and human serum butyrylcholinesterase (BChE).

4. Structural studies on human paraoxonase.

The present report summarizes our principal achievements during the second year of the
project. We present progress primarily with respect to Topics 1A, 2 and 4, as well as in
additional areas related to the long-term aims of our research program, and also a study of

specific chemical damage to TcAChE produced by ionizing radiation.

I. The structures of the non-aged and aged conjugates of VX with TcAChE were solved to 2.2
and 2.4 A, respectively. The 3D structure of the aged adduct is essentially identical to those
obtained with sarin and soman, the dealkylated OP group making a salt bridge with His440.
However, the 3D structure of the non-aged conjugate revealed a disruption of the Ser200-
His440-Glu327 catalytic triad due to movement of His440. Whereas in the aged conjugate,
His440N3 is in H-bonding distance of Glu3270g, as for native TcAChE, the equivalent distance
is 4.5 A in the non-aged conjugate, where the same nitrogen is in H-bonding distance (2.7 A) of
Glul1990e. This disruption of the catalytic triad may explain why spontaneous reactivation of
OP-AChE adducts is so slow. Movement of the imidazole is reversible, since oxime reactivation
generations active enzyme, and the non-aged conjugate ages. Our data support the notion that the
catalytic triad of serine hydrolases is mobile during catalytic function. Specifically, it supports a

role for the Glu327-His440-Glu199 array in carboxyl ester hydrolysis by ChEs, and may explain
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how they hydrolyze a wide range of substrates, including bulky carboxyl esters, amides,

carbamates and, to a limited extent, OPs.

II. The structure of a complex of TcAChE with the plant alkaloid, (-)-galanthamine, has been
solved to 2.3A resolution. The inhibitor binds at the base of the active-site gorge of TcAChE,
interacting with both the choline-binding site (Trp84) and the acyl-binding pocket (Phe288,
Phe290). Its tertiary amine group appears to make a non-conventional hydrogen bond, via its N-
methyl group, to Asp72, near the top of the gorge, while its hydroxyl group makes a strong
hydrogen bond with Glu199. The relatively tight binding to TcAChE of (-)-galanthamine appears
to arise from a number of moderate to weak interactions with the protein, coupled to a low

entropy cost for binding due to the rigid nature of the inhibitor.

III. Radiation damage is an inherent problem in X-ray crystallography. It is usually presumed to
be non-specific, and to be manifested as a gradual decay in the overall quality of data obtained
for a given crystal as data collection proceeds. Synchrotron radiation, even at cryogenic
temperatures, can also cause highly specific damage to proteins, as we observed for TcAChE.
Disulfide bridges break, and carboxyl groups of acidic residues lose their definition. Highly
exposed carboxyls and disulfides appear particularly susceptible. The catalytic triad residue,
His440, also appears to be much more sensitive to radiation damage than other histidine residues.
Our findings have direct practical implications for routine X-ray data collection at high-energy
synchrotron sources. Furthermore, they provide a new and direct approach for studying radiation
damage to proteins and nucleic acids at a detailed, structural level, which could provide an
important tool in the search for protective pharmacological agents in both a civilian and military

context.

IV. We have crystallized Drosophila melanogaster acetylcholinesterase (DmAChE) and solved
the structure of the native enzyme, and of its complex with two putative insecticides, at 2.7A
resolution. The refined structure of DimAChE is similar to that of vertebrate AChEs in its overall
fold, charge distribution and deep active-site gorge, but some surface loops deviate by up to 8A
from their position in the vertebrate structures, and the C-terminal helix is shifted substantially.

While the lower part of the active-site gorges of DmAChE and of TcAChE are very similar, the
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upper part of the active-site gorge of the insect enzyme is more constricted than that of the
vertebrate enzymes due to the larger size of the side-chains of certain amino acids lining it. Upon
binding of either of the two inhibitors, nine aromatic side-chains within the active-site gorge
change their conformation so as to interact with them. Some differences in activity and
specificity between the insect and vertebrate enzymes can be explained by comparison of their

3D structures.

V. A double-mutant of the PON1Q allelic variant of the gene for paraoxonase, PON1, named AA
PON1Q, was obtained from Prof. Bert La Du (University of Michigan, Ann Arbor); it allows
secretion of the expressed protein by permitting cleavage of the signal peptide. The clone was
amplified, via PCR, and a sequence coding for a His-tag was included in the 3'-primer, to
facilitate purification. The gene fragment was then cloned into an appropriate transfer vector for
the Baculovirus expression vector system (BEVS). PON displaying arylesterase activity was
produced and secreted in the BEVS system, and had a molecular weight 2.5 kDa lower than
native PON1Q due to cleavage of the signal peptide. Scaling up permitted production of ca. 0.1
mg/ml of medium of AA PONI1Q. Purification was achieved by selective absorption onto a
nickel column that selectively binds the His-tag, followed by elution with an imidazole buffer,
and subsequent dialysis so as to get rid of heavy-metal impurities. AA PON1Q can be purified to
~80 % purity by this single step, in amounts adequate for initial screening of crystallization

conditions after a further purification step.
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OBJECTIVES

The principal objectives of this contract are to better understand the mechanism of action of
AChE, and to characterize its various ligand-binding sites. These objectives are being
approached by the method of single crystal X-ray diffraction, together with time-resolved X-ray
crystallography, using Torpedo californica AChE (T¢cAChE) as the principal source of enzyme.
Computational molecular model building and electrostatic characterization are being used as
complementary theoretical approaches. Attempts are also being made to crystallize and; if
successful, to solve the 3D structures of cholinesterases (ChEs) from other sources. These
include human recombinant AChE, bovine fetal serum AChE, AChE from the venom of the
krait, Bungarus fasciatus (BfAChE), and horse serum BChE. Homology model building will be
used to compare and analyze the structures of these enzymes. In parallel, we are attempting to
express and crystallize, with the eventual objective of solving its 3D structure, human serum
paraoxonase/arylesterase.

1. Work on TcAChE involves two principal topics:

A) Preparation and characterization of 'aged' and 'non-aged' OP conjugates, with the
objective of fully understanding the mechanistic basis and specificity of interaction of
organophosphates and organophosphonates of therapeutic and toxicological interest with the
active site of AChE, as well as the molecular basis of the 'aging' process.

B) Use of time-resolved crystallography in order to understand the mechanism of action of
AChE, as well as the traffic of substrate and products through the active-site gorge. The
experimental approaches to be adopted will be Laue crystallography and ultra-rapid freezing
time-resolved crystallography. In either case, time-resolved data collection will be preceded by
synthesis and characterization of suitable caged compounds, and by a study of their interaction
with TcAChE, initially in solution and, subsequently, under steady-state X-ray data collection
conditions.

2. Work on other ChEs obviously depends on the success of crystallization attempts. Particular
attention is being paid to human AChE (hAChE), in view of its toxicological and therapeutic
importance. In the first year of the contract, we have devoted substantial efforts to improving
purification techniques already developed in our own laboratory for processing culture media
containing recombinant hAChE (rhAChE), supplied by the group of Dr. Avigdor Shafferman at
the Israel Institute for Biological Research (IIBR).

3. Homology model building and detailed structural comparison of human, bovine fetal serum,
snake venom and insect AChE, and of horse and human serum BChE.

4. Work on paraoxonase 1s subject to the same restrictions as for the various ChEs, namely the
availability of crystals. Thus expression and purification will precede data collection and
structure determination.




BACKGROUND

Acetylcholinesterase

The enzyme, acetylcholinesterase (AChE), plays a key role in cholinergic neurotransmission.
By rapid hydrolysis of the neurotransmitter, acetylcholine (ACh), it terminates the chemical
impulse, thereby permitting rapid repetitive responses (1). AChE is, accordingly, characterized
by a remarkably high turnover number, especially for a serine hydrolase (2), functioning at a rate
approaching that of a diffusion-controlled reaction (3, 4). The powerful acute toxicity of
organophosphorus (OP) poisons (as well as of carbamates and sulfony! halides which function
analogously) is attributed primarily to the fact that they are potent inhibitors of AChE (5, 6).
Inhibition is achieved by their covalent attachment to a serine residue within the active site (2, 7).
ACHhE inhibitors are utilized in the treatment of various disorders such as myasthenia gravis and
glaucoma (6, 8). More recently, they have been under active consideration for use in the
management of Alzheimer's disease (9). Two cholinesterase inhibitors, tacrine, under the trade
name of Cognex®, and E2020, under the trade name of Aricept®, have already been approved
for use in the United States by the FDA (10, 11). Finally, many carbamates and OPs serve as
potent insecticides, exerting their action by selectively inhibiting insect AChE (12).

Elucidation of the three-dimensional (3D) structure of AChE is, therefore, of fundamental
interest for understanding its remarkable catalytic efficacy, and of applied importance in
insecticide and drug design, and in developing therapeutic approaches to OP poisoning.
Furthermore, information concerning the ACh-binding site of AChE is also pertinent to an
understanding of the molecular basis for the recognition of ACh by other ACh-binding proteins,
such as the various ACh receptors (13-15) .

Our determination of the 3D structure of AChE from Torpedo californica (TcAChE) (16)
permitted visualization, for the first time, at atomic resolution, of a binding pocket for ACh. It
also allowed identification of the active site of AChE, which, unexpectedly, is located at the
bottom of a deep gorge lined largely by aromatic residues (16, 17). This unusual and unexpected
structure gave us the opportunity to work out structure-function relationships for AChE. The so-
called ‘anionic’ binding site for the quaternary moiety of ACh does not contain several negative
charges, as was earlier postulated on the basis of the tonic-strength dependence of catalytic
activity (18). Modeling studies suggested that the quaternary group interacts primarily with the
indole ring of the conserved tryptophan residue, Trp84 (14, 16). This was confirmed by
crystallographic studies on several AChE-ligand complexes, which also suggested a prominent
role for Phe330 (19, 20). This implication, from the X-ray studies, that aromatic residues play an
important role in recognizing the quaternary group, was in agreement with parallel affinity and
photoaffinity labeling studies in solution (19, 21). The high sequence homology between
mammalian AChE and the Torpedo enzyme suggested that their 3D structures would be very
similar. Indeed, the more recent solution of the structures of complexes of recombinant mouse
AChE (22) and recombinant human AChE (23) with the snake venom polypeptide toxin,
fasciculin, revealed only very small differences between either of these structures and that of the
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TcAChE-fasciculin complex (24), and the two mammalian structures were even more closely
related. Our recent solution of the 3D structure of AChE from Drosophila melanogaster
(DmAChHE) reveals the structure to be similar to that of vertebrate AChEs (human, mouse, fish)
in overall fold, electrostatic distribution and its deep active-site gorge; but there are substantial
differences from the vertebrate enzymes, especially in the surface loops and the upper part of the
active-site gorge (see Results Section).

The availability of the 3D structure of Torpedo AChE stimulated a large body of work, in
several different laboratories, which shared the common objective of correlating the unexpected
structure revealed by X-ray crystallography with the catalytic function of the enzyme. These
studies can be loosely classed in four main categories, two theoretical and two experimental
(some studies encompass more than one category):

1) Theoretical studies in which the structure of AChE or BChE from various sources is
modeled on the basis of the 3D structure of Torpedo AChE, together with the amino acid
sequence of the cholinesterase in question, obtained previously from cloning and/or sequencing
studies. A necessary condition for such modeling is the high sequence identity and similarity (ca.
50% and 70%, respectively) between cholinesterases of widely different phylogenetic origin (25,
26).

2) Theoretical studies aimed at elucidating the electrostatic and dynamic properties of the
cholinesterase molecule and their contribution to known catalytic properties.

3) Experimental investigations concerned with understanding the catalytic and ligand-
binding properties of the cholinesterases on the basis of kinetic and spectroscopic studies with
AChE and BChE from Torpedo and other sources.

4) Studies using site-directed mutagenesis to understand the contribution of particular amino
acid residues to catalytic activity, substrate specificity, and to the mode of interaction with
reversible and covalent inhibitors of the various cholinesterases.

Inspection of the 3D structure of TcAChE and of various AChE-ligand complexes, as well as
of the structure of homologous enzymes, principally human AChE and BChE (inferred from
modeling studies based on the 3D structure of Torpedo AChE), immediately led to predictions
about the involvement of certain amino acid residues, almost all localized in the ‘aromatic
gorge’, in various aspects of the enzyme's catalytic activity. Site-directed mutagenesis was the
principle tool for testing such predictions. Thus, on the basis of the topology of the gorge (16), of
the X-ray structure of complexes of Torpedo AChE with the bisquaternary inhibitors
decamethonium (19) and BW284c51 (Harel et al., unpublished), and on the modeling of human
BChE (26), it was suggested that the so-called ‘peripheral’ anionic site, previously identified
from kinetic (27) and spectroscopic studies (28, 29), was located at the top of the gorge. Like the
‘anionic’ subsite of the active site, it was thought to contain three aromatic residues, Tyr70,
Tyr121, and Trp279 (Torpedo numbering is used here and subsequently). A kinetic comparison
with BChE, which lacks all three of these residues, and with chicken AChE, which lacks two of
them, provided strong experimental evidence to support this prediction (26, 30-33). In addition, a
role was proposed for the acidic residue, Asp72, in the ‘peripheral’ site, on the basis of site-



directed mutagenesis data (34). Modeling also suggested that the two aromatic residues, Phe288
and Phe290, confer narrow substrate specificity upon AChE compared to BChE (26, 35); this
suggestion, too, was clearly borne out by mutagenesis studies. Thus, our computer modeling had
high predictive capacity and we have since modeled human AChE similarly, as well as more
distantly related enzymes, e.g. insect AChE for studies of new insecticides (36).

Studies carried out to date have involved hundreds of mutations, principally of human,
mouse, Torpedo, Drosophila and Musca AChE, as well as of human BChE. An updated
compilation of these mutations can be obtained by accessing the Cholinesterase Data Base, at
Montpellier, France, which is maintained by Drs. Arnaud Chatonnet and Xavier Cousin (see:
http://www.ensam.inra.fr/cholinesterase/). We emphasize that these mutagenesis studies leave
open numerous questions. Thus, the present data ascribe specific roles to only seven of the

conserved aromatic residues in the gorge, and the role of the remainder is either not fully
established or unknown. Furthermore, the role of two acidic residues, Glu199 and Asp72,
respectively, near the bottom and close to the top of the gorge, is not clearly ascertained. The
long-standing question of the molecular basis for substrate inhibition also is unanswered. One
attractive possibility is that it involves binding of a second ACh molecule at the ‘peripheral’ site
(30). But this contention is prejudiced by studies involving mutagenesis of aromatic residues at
the 'peripheral’ site (31, 37), by comparative studies on the chicken and Torpedo enzymes (33),
and by the observation that mutation of Glu199 can strongly reduce substrate inhibition (38). A
complication in analyzing all the site-directed mutagenesis data is that, in certain cases,
mutations at the top of the gorge appear to affect parameters ascribed to structural factors
associated with the bottom of the gorge, and vice versa (34). This is of interest, because it
provides evidence that the gorge may function in an integrated fashion, but also means that
interpretation of individual site-directed mutagenesis experiments must be treated with caution.

From an applied standpoint, the 3D structure of TcAChE, and of its complexes and
conjugates with reversible and irreversible ChE inhibitors, have provided valuable information
pertinent to the development of treatments for nerve gas intoxication, as well as of insecticide
poisoning. Such structures can yield direct information concerning the functional groups and
steric constraints governing both spontaneous and oxime-assisted reactivation and 'aging', as well
as the binding of drugs of therapeutic potential, such as huperzine A (HupA) (39) and E2020
(40). These are pertinent to prophylactic and therapeutic treatment of OP intoxication, as well as
to treatments which envisage administration of wild-type AChE (or BChE), whether as a
scavenger (41) or as a hydrolase (42).

Inspection of the 3D structure of native TcAChE suggested that site-directed mutagenesis of
Glu199, or of the homologous residue in the human enzyme, would retard 'aging' considerably,
as confirmed by site-directed mutagenesis (43, 44). Enzyme so engineered indeed proved much
more efficient in scavenging of G agents, especially when used in conjunction with oximes (45).

Modeling of BChE on the basis of the native TcAChE structure provided the rationale for
generating a mutant, Gly117His, containing an additional histidine residue in the active site of
BChE, capable of significant hydrolytic activity towards V and G nerve agents (46, 47). When a
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double-mutant, Gly117His/Glul97Gln, was generated, with Glu197 being equivalent to Glu199
in TcAChE, aging of G agent conjugates was retarded substantially, and significant hydrolysis of
soman could be achieved, whereas soman hydrolysis was undetectable with the Gly117His
mutant (48).

Recent solution of the 3D structures of conjugates of the nerve agents, sarin, soman, DFP and
VX with TcAChE (49, 50) has revealed the precise details of the multiple interactions which
contribute both to the rapid inhibition of AChE by these agents, and to the irreversibility of the
process. Inhibition by soman and by sarin occurs without any significant conformational change
in the structure of the enzyme, but ‘aging' results in formation of a salt bridge with the active-site
histidine, His440, which contributes to the stabilization of the aged complex, as was already
observed for the 'aged' conjugate of DFP with chymotrypsin (51). Unexpectedly, however,
reaction of DFP with TcAChE yields an ‘aged’ conjugate in which the acyl-binding pocket of the
enzyme has undergone a substantial conformational change in order to accommodate the residual
isopropyl group (49). This offers a structural explanation for the slow inhibition of AChE by
DFP, relative to that of BChE, which has a larger acyl-binding pocket. More recently, 3D
structures were obtained for both the 'non-aged' and 'aged' conjugates of TcAChE with VX (50)
(see Results section). Here, too, an unexpected result was obtained, inasmuch as the structures
revealed conformational mobility of His440; thus, in the 'non-aged' conjugate, its imidazole is
displaced by ~4 A from its position in the native enzyme, forming an H-bond with Glu199, with
concomitant disruption of the catalytic triad. Upon 'aging', the imidazole reverts to its position in
the native enzyme. Such subtle and unpredicted conformational changes yield information,
which will need to be taken into account in attempts to develop oximes with improved
therapeutic characteristics.

Paraoxonase

Decontamination of OP pesticides and chemical warfare agents is a topic of considerable
environmental and toxicological importance. Hence, a substantial research effort is being
devoted to the discovery and characterization of enzymes capable of degrading OPs, and to
utilization of ‘state-of-the-art” techniques of protein engineering to enhance their catalytic power.
The current status of research in this area was recently surveyed in the framework of the
Proceedings of the Third International Meeting on Esterases Reacting with Organophosphorus
Compounds, held at Dubrovnik on April 15"-18", 1998 (52). Enzymes with OP-hydrolyzing
capacity have been described from diverse sources. These include, in particular, bacteria (53,
54), but also squid nerve, duckweed and mung bean (55). However, especial attention has been
paid to paraoxonase, due to its occurrence in human serum,

Paraoxonase (EC 3.1.8.1; PON) belongs to the family of A-esterases as defined by Aldridge
(56), which are capable of hydrolyzing organophosphates, carbamates and aromatic carboxylic
acid esters. They have been the subject of substantial investigation due to their potential capacity
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to offer protection against intoxication by paraoxon and by other organophosphates which might
serve as insecticides, as well as by OP nerve agents (for literature, see papers in (52)). Indeed,
there is evidence to support the notion that serum paraoxonase (PON1) plays a significant role in
the detoxification of paraoxon in the rabbit in vivo (57). More recently, the issue of the
physiological role(s) of paraoxonase has been addressed, starting with the observation of
Mackness and coworkers (58) that paraoxonase prevents accumulation of lipoperoxides in low-
density lipoprotein (59, 60). Since then, paraoxonase has become the subject of clinical
investigation in the context of risk factors for atherosclerotic disease (60). In parallel,
fundamental research has been targeted at characterizing its endogenous substrates, and at
understanding the structural and functional correlates of its action on such substrates (which
include, in addition to lipoperoxides, bacterial lipopolysaccharide endotoxins) with its mode of
action on OPs and aryl esters (59). A recent elegant study, utilizing a knockout mouse lacking
the gene for PON1, confirmed its importance in protection against both OP intoxication and
lipoprotein oxidation (61).

Paraoxonase activity has been described throughout the phylogenetic tree from
microorganisms up to most mammalian species (62, 63). It remains to be established whether
various esterases capable of hydrolyzing OPs in different organisms, e.g. the
diisopropylphosphofluoridate hydrolase (DFPase) of the squid head ganglion (64), are
homologous members of a small number of families displaying substantial structural similarity.
In the case of the phosphotriesterase from Pseudomonas, which is known to hydrolyze both
paraoxon and parathion (65), it has been clearly established that it shows no homology with
human paraoxonase, which does not hydrolyze parathion (66). The molecular structure of the
phosphotriesterase was recently solved to 2.1 A resolution (67, 68). From the three-dimensional
structure, together with kinetic and chemical data on this enzyme (69, 70), it does not appear to
be closely related to human paraoxonase.

The human serum enzyme which hydrolyses paraoxon is known as human
paraoxonase/arylesterase (PON1), due to its high activity on aryl esters, upon the suggestion of
La Du and coworkers (71). It is one member of a multigene family (72), and has been
extensively investigated by the laboratories of Furlong (73) and La Du (66). Thus it has been
purified to homogeneity (74), and also cloned and expressed (75, 76). It occurs in two isozymic
forms, A and B, whose pharmacogenetics have been worked out by the two laboratories. The two
forms differ substantially in their specific activity towards various substrates. Notably, the B-
type hydrolyses paraoxon over 6-fold faster than the A-type at high ionic strength, and
hydrolyses 2-naphthy! acetate 2.5-fold faster.

The laboratory of La Du developed a procedure for obtaining highly purified PON1 from
human serum (74), which allowed them to obtain both the A- and B-type enzymes purified over
500-fold from serum (77). PON1 binds tightly to apolipoproteins, and also displays a tendency to
aggregate; these properties required that purification be carried out in the presence of a non-ionic
detergent and glycerol. The purified enzyme so obtained is stable for months when stored at 4°C
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in the presence of glycerol, a non-ionic detergent, and Ca™, the cation being essential for
maintaining its native conformation.

PONT1 has an amino acid composition typical of globular proteins. The polypeptide chain
contains 354 amino acids, and ca. 16% carbohydrate, which is attached at three glycosylation
sites. Sequencing work from the laboratory of La Du (75) revealed two amino acid residues, 54
and 191, as candidates which could provide a structural basis for the A/B polymorphism.
Subsequent molecular genetic and nucleotide sequencing studies by the La Du and Furlong
groups (76, 78) showed that the Arg/Gln polymorphism which is observed at residue 191 follows
exactly the A/B phenotype of human PON1. No influence on the enzyme has yet been observed
of the Met/Leu polymorphism commonly observed at residue 54. It should be pointed out that
PON1 displays no sequence homology with any known proteins.

Cloning of PON1 was followed by use of protein engineering techniques to study structure-
function relationships. Two principal issues were addressed in these studies: 1. Identification of
functional amino acid residues, in which site-directed mutagenesis was complemented by
chemical modification and fluorescence spectroscopy (79, 80); 2. Study of the structural
elements involved in interaction with lipoproteins (81).

Both site-directed mutagenesis and chemical modification were used to provide evidence that
several histidine residues are involved in catalytic activity (79, 80), as well as at least one
glutamate, one aspartate and one tryptophan. Whether most of these residues are directly
involved in substrate binding or catalysis remains to be established. However, one tryptophan,
Trp280, may be involved in the Ca™-binding site required for catalytic activity (80). Generation
of the Cys284Ala mutant showed that the free cysteine at that position is not required for either
organophosphatase or arylesterase activity (82); it is, however, required for the protective
action(s) of PONI1 against oxidized LDL (83). In the course of such protection experiments,
PONI1 undergoes partial inactivation, and this inactivation appears to be, at least partly, due to
modification of Cys284. Thus the protective activity of PON1 is not accurately predicted by its
hydrolytic activity, and may, indeed, be oxidative or peroxidative rather than hydrolytic; and the
active centers for the two types of catalytic activity, although similar, appear not to be identical.

Human PONI1 is HDL-associated. Since the mature protein retains its leader sequence, the
possibility was raised that it is the leader sequence which is responsible for this association (81).
This was tested by mutation of two bulky residues to alanine, viz. generation of the
His19Ala/GIn20Ala double mutant. As a result of the double mutation, the leader sequence was,
indeed, cleaved, and the modified PONI so generated lacked the capacity to bind to either
apolipoproteins or to phospholipids. Nevertheless, the modified enzyme retains its capability to
protect LDL from copper-ion induced oxidative damage in an in vitro assay, demonstrating that
the N-terminus is not required for this function.
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RESULTS

Torpedo californica Acetylcholinesterase

a) 3D structures of non-aged and aged conjugates

As described in the Background Section, and in our previous Annual Report, we earlier
reported the 3D structures of conjugates with 7cAChE of soman, sarin and DFP (49). All three
structures represented aged conjugates. It was, therefore, of interest to determine the structure of
a conjugate with VX, both because of its overall importance, and as a representative non-aged
structure. The fact that VX-AChE conjugates age, albeit very slowly, raised the possibility of
obtaining homologous aged and non-aged conjugates whose 3D structures could be compared
directly.

The experimental approach used was to reaction VX with TcAChE in solution to yield a non-
aged conjugate. The conjugate was then used to grow trigonal crystals as for the native enzyme
(39). The crystals of the conjugate were, indeed, isomorphous with the native crystals. If such
crystals were allowed to remain for as long as five months a 4° C, they might be expected to
undergo aging. Thus data collection was carried on freshly prepared crystals of the conjugate and
on crystals which had been stored under the conditions just mentioned. It was thus possible to
collect data sets to 2.2 A and 2.4 A, respectively, for the non-aged and aged VX-TcAChE
conjugates. Data were collected at 100 K with synchrotron radiation at Elletra, Trieste, for the
non-aged conjugate (PDB IDcode 1vxr), and at the NSLS at Brookhaven National Laboratory for
the aged conjugate (PDB IDcode 1vxo).

Not unexpectedly, the 3D structure of the aged adduct is essentially identical to those solved
previously for sarin and soman (49), since the OP substituent is identical in all three (Fig. 1c).
However, the 3D structure of the pro-aged conjugate revealed a disruption of the Ser200-His440-
Glu327 catalytic triad due to movement of His440. Whereas in the aged conjugate, as in the
native structure (Figs. 1A,C) His440Nd is within H-bonding distance of Glu3270e¢, the
equivalent distance is 4.5 A in the non-aged conjugate, in which the same nitrogen is within H-
bonding distance (2.7 A) of Glu1990¢ (Fig. 1B). The observed uncoupling of the catalytic triad
may explain the slow, often negligible, spontaneous reactivation of OP-AChE adducts. It is
important to emphasize, however, that the movement of the imidazole in the non-aged conjugate
is reversible. This is because the catalytic triad could be restored by either: (1)
dephosphonylation with a nucleophile (reactivation); or (2) dealkylation of the VX O-ethyl group
(aging). To confirm that active enzyme could be regenerated from the alternate conformation,
VX-TcAChE crystals were dissolved in phosphate buffer (pH 7.5), incubated for 20 hr with 10
mM pralidoxime, and AChE activity was measured by the Ellman method (84). Oxime-
reactivated VX-TcAChE was indistinguishable from native enzyme with respect to substrate
kinetics, corroborating that the His440 movement caused by phosphonylation was reversed upon
dephosphonylation.
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It was earlier proposed that the histidine within the catalytic triad of serine hydrolases may be
mobile during catalytic function (85, 86). Furthermore, Quinn and colleagues suggested that
AChE may use a “cryptic catalytic mechanism” for certain less-reactive carboxyl ester substrates
that relies upon GIul99 (87). In addition, the Glu199GIn mutation was found to reduce k_ /K,
for hydrolysis of optimal ester substrates by more than 10-fold (43, 44). Although we do not
know yet if the mobility of His440 extends to substrates other than phosphate esters, the widely
conserved presence of the Glu327-His440-Glu199 array in divergent cholinesterases is consistent
with a role in carboxy]l ester catalysis.

Thus the VX-TcAChE structures demonstrate that two buried acids in an active-site quartet
(Ser-His(-Glu)-Glu) modulate the catalytic imidazole position during reaction with a rapid OP
“hemi-substrate.” Structural flexibility may underlie the biological persistence of the catalytic
triad motif, and it offers a new hypothesis for how AChE hydrolyzes such a wide range of
substrates, including bulky carboxyl esters, amides, carbamates and, to a limited extent, OPs, in a
sterically-congested and buried active site.

b) Galanthamine-AChE complex

According to the ‘cholinergic hypothesis’, Alzheimer’s disease (AD) is associated with
cholinergic insufficiency (88-90). This serves as the rationale for use of cholinergic agonists (91,
92) and cholinesterase inhibitors (93, 94) for the symptomatic treatment of AD in its early stages.
Indeed, cholinesterase inhibitors are the only drugs so far approved for treatment of AD. These
drugs include natural substances, such as the alkaloids, physostigmine (95) and huperzine A
(HupA) (96), and synthetic compounds, such as tacrine, under its trade name, Cognex® (97),
SDZ ENA-713, also known as Exelon® (98), metrifonate (99) and E2020, under its trade name,
Aricept® (40, 100).

Galanthamine (4a,5,9,10,11,12-Hexahydro-3-methoxy-11-methyl-6H-benzofuro[3a,3,2-
ef][2]-benzazepin-6-o0l; GAL; see Fig. 2) is an alkaloid found in the bulbs and flowers of the
common snowdrop (Galanthus nivalis). As a natural compound, GAL has since been tested for
use in anesthesiology (101), and for treatment of many human ailments, from facial nerve
paralysis to schizophrenia and various dementia (102-104). It is marketed as Reminyl™.

GAL displays 53-fold selectivity for human erythrocyte AChE over BChE, with IC;, values
of 0.35 uM for erythrocyte AChE and 18.6 mM for plasma BChE (105). An IC,, of 652 nM has
been recorded for TcAChE (T. Lewis and C. Personeni, unpublished results). Interestingly, it
displays 10-fold lower potency towards human brain AChE than towards the erythrocyte enzyme
(106). In addition to serving as a cholinesterase inhibitor, GAL is also a nicotinic activator,
acting both on ganglionic and muscle receptors (107, 108), and on nicotinic receptors in the brain
(109). Nicotinic modulation represents a new and promising approach in Alzheimer research
(110-115). Indeed, a recent report suggests that stimulation of nicotinic receptors may be
associated with diminished appearance of amyloid plaques, one of the hallmarks of AD (116).
The double action of GAL, as both an anticholinesterase and a nicotinic activator, has rendered it
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a promising candidate drug for the treatment of AD. Indeed, Phase I1I clinical trials in Europe for
the treatment of AD were recently completed (117), although approval has not yet been granted.

Structure-based drug design is an important tool in the development of second-generation
candidate drugs based on a lead compound (113, 118-120). Although computerized docking
programs are becoming increasingly sophisticated, the X-ray analysis of a ligand-protein
structure often yields crucial information. Indeed, in the case of AChE, determination of the 3D
structures of the appropriate ligand-AChE complexes was a prerequisite for making correct
structural assignments for HupA (39) and E2020 (40), as well as for the snake venom toxin,
fasciculin (24). In the case of GAL, too, docking protocols suggest more than one possible
orientation (Fletcher, R., Viner, R., Lewis, T., unpublished results). Determination of the 3D
structure of a GAL-AChE complex would obviously resolve the issue. Furthermore, knowledge
of the structure of the complex would also allow us to rationalize results of recent synthetic
modifications (121) aimed at improving binding characteristics of GAL to AChE.

GAL was soaked into native TcAChE crystals by our commonly employed procedures for
reversible ligands (19, 39). A 2.3 A data set was collected at 100 K, in-house at the Weizmann
Institute of Science, using a Rigaku RAXIS IIC imaging plate system mounted on a Rigaku FR-
C rotating anode.

The overall mode of binding of GAL to TcAChE is shown in Fig. 3 (122). The inhibitor
binds at the base of the active-site gorge, spanning the acyl-binding pocket and the choline-
binding site, viz. the indole ring of Trp84. There appear to be two classic hydrogen bonds formed
with protein atoms (Fig. 4). One is between the hydroxyl group of the inhibitor and Glu1990¢
(2.7A). The second possible hydrogen bond to a protein atom involves the hydroxyl group of
Ser200, whose hydrogen may be bifurcated between His440N® and the oxygen of the O-methyl
group of the inhibitor. There may also be a non-classical hydrogen bond between the N-methyl
group of the inhibitor and Asp72 O% (3.4A), since the methyl group is expected to carry some of
the positive charge of the amine. The rest of the interactions between the inhibitor and the
protein appear to be non-polar. This is particularly noteworthy, since the protonated tertiary
amine group does not interact with Trp84 or Phe330 analogously to the interaction which is
believed to occur between the quaternary amine of the natural substrate (acetylcholine) and the
enzyme, and has been observed for a number of inhibitors (19, 20, 39).

Initial inspection of the GAL-TcAChE complex does not reveal any specific interactions
which could account for the tight binding observed. GAL is not a transition state analogue,
which, of all the structures on the reaction coordinate, bind most tightly to the enzyme (123). Nor
are there any charge-charge interactions between the inhibitor and the enzyme. In fact, the only
charged group in the inhibitor interacts rather indirectly with residues of the protein (through a
solvent molecule to Phe330, possibly via a methyl hydrogen to Asp72, and via a methylene
hydrogen with the © system of Trp84). It must be assumed that the binding energy for GAL
comes from a number of smaller enthalpic contributions, coupled to an unusually small entropic
penalty. This latter point arises from the rigidity of the molecule, which allows the numerous
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interactions to occur with minimal loss of entropy. A similar concept is utilized in the tight
binding of multisubstrate analogues (124, 125).

Another AD drug, HupA (39, 126), shares common binding characteristics with GAL (Fig.
5). Both molecules have a bent hinge shape, and, in both cases, the hinge is oriented similarly
when the ligand is bound to TcAChE. Both molecules pack against the face of Trp84, and make
few direct hydrogen bonds to the protein. Nevertheless, there are several major differences in
their binding modes. Thus, GAL does not induce a main chain conformational change at Gly117
as does HupA. Moreover, the orientation of the side chain of Phe330 differs in the two
complexes. Furthermore, the primary amino group of HupA interacts much more closely with
the indole ring of Trp84 than does the tertiary amine of GAL. Finally, GAL does not exhibit the
slow binding kinetics observed for HupA (127). A partial answer to the question of why GAL
binds with a tightness comparable to HupA, despite apparent lack of direct interaction between
the amine group and Trp84, may lie in the fact that GAL fills more of the active site volume,
since it also binds in the acyl binding pocket. Furthermore, one of the direct hydrogen bonds with
the protein involves a charged residue (Glu199), which is not the case for HupA.

¢) Specific chemical damage to proteins produced by synchrotron radiation

Although radiation damage is an inherent problem in X-ray crystallography, it has not, so far,
been widely investigated. It is usually presumed to be non-specific, and to be manifested as a
gradual decay in the overall quality of data obtained for a given crystal as data collection
proceeds (128-130). Data collection at cryogenic temperatures (131, 132) has been used to
reduce radiation damage, but data collection at powerful synchrotron sources, especially on large
structures, has shown that radiation damage is still a problem to be overcome. In order to do so,
it is imperative that we come to understand the mechanism of radiation damage and its detailed
consequences.

In a study performed in preparation for time-resolved measurements on TcAChE (133), we
observed, in addition to the loss of diffractive power of the crystal and a general increase in
atomic B-factors, highly specific effects of X-ray irradiation. These included, in particular,
breakage of disulfide bonds and loss of definition of the carboxyl groups of acidic residues. Very
similar specific radiation damage was observed in studies of a second enzyme, hen egg white
lysozyme, suggesting the generality of the observed phenomenon. Our studies have direct
practical implications for macromolecular crystallographers using bright synchrotron sources,
both with regard to data collection and to interpretation of the structures obtained. Finally, they
show that radiochemistry of macromolecules exposed to synchrotron radiation can be monitored
at a detailed structural level, and may thus supplement and augment data obtained by use of
existing techniques used in radiation research, such as electron spin resonance and electron-
nuclear double-resonance spectroscopy (134, 135). Exposure to ionizing radiation is a risk factor
for both the civilian and military communities. For the civilian community, this means possible
effects of constant exposure to low levels of radiation, various therapeutic treatments, industrial
use of radioactive isotopes, and possible nuclear power station mishaps. For the military it means
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the handling of nuclear weapons and fuel, and possible protection against nuclear attack. Both
military and civilian space programs must take into account exposure to much higher radiation
levels than on earth. Obviously, development of protective pharmacological agents demands a
thorough knowledge of the molecular events that occur upon exposure to ionizing radiation (see
http://www.afrri.usuhs.mil/). The results presented below show that X-ray crystallography can

provide direct information concerning the susceptible groups in proteins and, presumably, in
nucleic acids.

In this study, we carried out a detailed comparison of a series of nine consecutive data sets
collected on the same TcAChE crystal, under cryogenic conditions, on a powerful undulator
beamline at the 3™ generation synchrotron source of the ESRF in Grenoble. Each data set was
collected over a period of 19 min. Upon comparison of the refined structures, the most striking
change observed was a time-dependent change in electron density in the region corresponding to
the intrachain disulfide bridge between Cys254 and Cys265 (Fig. 6). The other two intrachain
disulfides, Cys402-Cys521 (Fig. 7) and Cys67-Cys94, appear substantially more stable over the
same period of time.

Detailed inspection of the 9 temporal steps for the Cys254-Cys265 bond reveals that already
in the first data set (Fig. 6b-A) some reduction of density is observed for Cys265Sy relative to
that of Cys254Sy, with disappearance of any linking density already apparent in the second data
set. Subsequently, it appears as if Cys265Sy is detached, i.e. moves away from Cys254Sy (Fig.
6b-C), and then disappears. Although Cys254Sy does not appear to move, its electron density
gradually diminishes, and by the 8" step (Fig. 6b-H) it is no longer visible.

Comparison of the overall structures does not reveal any major change in backbone
conformation occurring concomitantly with disulfide bond cleavage. B-factors do change as a
function of time, but not uniformly throughout the protein. Specifically, the B-factors for Cys,
Asp and Glu side chains increase much more than those for other amino acids (Fig. 8).
Examination of individual amino acids shows that the rate of increase in B-factor for the side
chain of Cys265, for the first three data sets, is the highest in the whole protein; that for the side
chain of Cys254 is only exceeded by that for the side chain of the exposed glutamic acid residue,
Glu306. The side chain of the glutamic acid in the catalytic triad, Glu327, also shows a marked
increase in B-factor of 50% in the second (B) compared to the first (A) data set. Although the B-
factors for histidine residues in general do not increase remarkably (Fig. 8), that for the catalytic
triad residue, His440, increases by 34%.

Our observation of specific radiation damage, including cleavage of disulfide bridges and
loss of definition of carboxyl groups of acidic residues, was, indeed, unexpected. To our
knowledge, ours is the first report of such a phenomenon for X-ray data collection under
cryogenic conditions. Under our experimental conditions, we reproducibly observe a specific
order of cleavage, with the Cys254-Cys265 bond being the most susceptible in TcAChE.
Breakage of the homologous disulfide, Cys292-Cys302, in the X-ray structure of DmAChE (136,
137), was observed in a data set collected on a second-generation synchrotron source (NSLS at
Brookhaven National Laboratory).
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From the histogram of increases in B-factors for TcAChE presented in Fig. 8, one can see
that the residues most affected by synchrotron radiation, apart from the cysteines, are the acidic
residues, glutamate and aspartate. One residue which is particularly affected is the AChE surface
residue, Glu306; another is Glu327, which is a member of the catalytic triad characteristic of
serine hydrolases. The increases in B-factors could be either a consequence of increased
mobility, or decarboxylation, a known effect of ionizing radiation (138). Acidic residues are
often seen in active sites of enzymes, as is the case for both enzymes in the present study. An
important consequence of our experiments is the realization that any unusually large B-factor,
i.e. apparent mobility, seen for such residues, might not be of functional significance, but simply
the result of specific radiation damage during structure determination.

Among the 14 histidine residues in TcAChE, the catalytic triad residue His440 is the most
affected by X-ray irradiation, as shown by the marked increase in its B-factor. This could be
related to the observations of Faraggi and coworkers (139), who showed that pulsed radiolysis
affected primarily histidine residues at active sites. However, the increase in B-factor may also
be coupled to the increase in B-factor noted above for the acidic member of the catalytic triad,
Glu327. Our observation that active-site residues are among the most radiation-sensitive
residues, suggests that, like disulfide bonds, active site conformations constitute ‘weak links’ or
‘strained’ configurations in protein structures.

An important issue which arises is whether the specific structural changes which we observe
are a consequence of "primary" interaction, i.e. between the X-rays and the moieties that suffer
specific damage, or "secondary”, i.e. mediated by free radicals generated by the X-rays either
within the protein (“direct” damage) or within the solvent (“indirect” damage). The extent to
which radiation damage to proteins and nucleic acids is "direct” or "indirect" is indeed the
subject of controversy (see, for example, the review (140)). “Primary” damage might affect
sulphur atoms preferentially since, at the wavelength utilized, they have a significantly higher
absorption cross section than carbons, oxygens or nitrogens. Disulfide bonds were earlier shown,
in pulse radiolysis studies, to be sensitive to radicals (141) and, therefore, to “secondary”
damage. X-ray irradiation of water molecules in the solvent area releases highly reactive species,
including hydrogen and hydroxyl radicals, and hydrated electrons (138, 139). These species
should be capable of attacking the protein even under cryogenic conditions (142). There does,
indeed, seem to be a correlation between solvent accessibility and susceptibility of disulfides to
X-ray damage. Thus Cys254-Cys265 in TcAChE, and Cys6-Cys127 in HEWL, are the most
susceptible disulfides in their respective proteins, and both seem to have the largest solvent
accessible surface of the disulfides in that protein. Irradiation has, however, also been shown to
cleave disulfide bridges in dry proteins (138). Thus possible involvement of "direct" radiation
damage (140, 143) in generating the specific structural changes that we observe must also be
taken into consideration.

Our findings have significant practical implications with respect to X-ray data collection
using bright synchrotron sources. Figs. 6aA - 6aC and 6bA - 6bC clearly show that specific
damage occurs from the very onset of exposure of the crystal to the X-ray beam. Yet, the
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resolution of these first three data sets is virtually identical, although some decay in the signal-to-
noise ratio for the higher resolution reflections was observed. These data sets were all complete.
However, the redundancy was low as a result of the minimization of the data collection time.
Thus, during standard data collection at brilliant undulator beamlines at third generation
synchrotron sources, which aims at high redundancy, specific radiation damage of the type that
we report is very likely to occur (142). Following the trends in Figs. 6 and 7, it is clear that each
data set represents the average of a temporal ensemble, which might require extrapolation to zero
time. We, ourselves, earlier observed a broken disulfide bond (Cys254-Cys265) in TcAChE
using a data set that was collected on a second-generation source wiggler beamline at the NSLS
of Brookhaven National Laboratory.

In some fields of synchrotron-related research, the free radicals generated by the X-rays have
actually been utilized for studying biological systems in solution (144). For example, folding of
an RNA molecule has been followed on a 10 ms timescale by monitoring its hydroxyl radical-
accessible surface (145). We anticipate that, once the mechanism(s) underlying radiation damage
in single crystal protein crystallography are better understood, it should be possible to utilize the
wealth of sequential information generated as a valuable tool in radiation chemistry and biology.
As mentioned above, this could be a valuable tool in developing approaches to protection against
ionizing radiation for both military and civilian purposes.
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3D Structure of Drosophila melanogaster AChE

Our structural studies on TcAChE and hAChE, as well as studies on mouse and
Electrophorus AChEs, showed, as might be expected from the high degree of sequence
homology, that they all possessed a very similar 3D structure. It was obvious, however, both
from the diversion in sequences (Fig. 9) and from available biochemical data, that substantial
structural differences might be expected between the invertebrate and vertebrate enzymes.
Solution of the 3D structure of an insect enzyme would thus be expected to yield structural
information which would be valuable for insecticide design. However, knowledge of differences
in the 3D structures of the human and insect enzymes would also, obviously, be of great
importance in the context of exposure of civilians or military personnel to insecticides or to other
pesticides targeted toward AChE. Crop spraying with insecticides exposes agricultural workers
to high levels of pesticides, and the WHO estimates that this leads to 220,000 deaths annually
from single short-term exposure (146). An insect structure would also be relevant in the context
of recent findings concerning possible synergistic action of multiple anticholinesterases in
relation to the Gulf War Syndrome (147). Taken in conjunction with our knowledge of the
structures of the complexes of TcAChE with a variety of AChE inhibitors (19, 20), and our
recently reported solution of the 3D structure of the complex of hAChE with the snake venom
toxin, fasciculin (23), an insect structure could provide a rational basis for improving the
selectivity of new insecticides and, thereby, reducing their toxicity towards humans and other
vertebrates.

We have now crystallized DmAChE, and solved the structure of the native enzyme, as well
as of its complexes with two putative insecticides, all three at 2.7A resolution. This work was
done in close collaboration with the laboratories of Dr. Terry Rosenberry (Mayo Clinic,
Jacksonville, FL) and Dr. Terry Lewis (Zeneca Agrochemicals, Jealott's Hill, UK).

For this purpose, Dr. Rosenberry constructed a secreted disulfide-linked dimeric form of
DmAChHE, which he transfected into Drosophila Schneider Line 2 cells (148). By subsequent
expression, followed by purification of the secreted enzyme by affinity chromatography, he was
able to supply us with batches each of which contained several milligrams of highly purified
DmAChHE.

DmAChHE crystals were grown by the hanging drop method at 19°C from a medium whose
composition was 13% MPEG 2000 (monomethy! ether)/0.1M ammonium sulfate/0.03M
leucine/0.1M acetate, pH 4.6. Crystals grew in 4-5 days as trigonal prisms, 0.2mm in size, space
group P452,2. Isomorphous crystals were obtained by cocrystallization with two putative
insecticides which are analogs of tacrine (Fig. 10). A single suitable heavy atom derivative was
found by immersing a native DmAChHE crystal in a chamber containing gaseous xenon at 5 bar

pressure for 1 min, as described by Sauer and coworkers (149). X-ray data for the native crystal,
for the Xe derivative, and for the ZAI complex were collected at the Elettra synchrotron in
Trieste, at 100K. Data for the ZA-DmAChE complex (Fig. 10) were collected at the NSLS
(Brookhaven National Laboratory), also at 100K,
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It turned out that the 3D structure of the DmAChE is sufficiently different from that of the
vertebrate enzymes to preclude solution by molecular replacement on the basis of the TcAChE
structure. In fact, as already mentioned, a heavy atom derivative was required to obtain
experimental phases of sufficiently high quality to yield electron density maps which permitted
tracing of the backbone of DmAChE.

In the structure obtained, the packing in spacegroup P4,2,2 reveals the familiar AChE dimer
(16), with a disulfide bridge between the COOH-terminal Cys577 residues. Residues 1-2, 104-
135, 575-586 in the native DmAChE structure, residues 103-135, 574-586 in the ZAI complex
structure, and 1-2, 103-136, 574-586 in the ZA complex, do not lie in any significant electron
density. The largest insert in the DmAChE sequence, relative to TcAChE, is residues 104-140
(Fig. 9). No electron density 1s observed for this insert, except for 4 residues at its C terminus.
The atomic coordinates and structure factors for the native structure, and for the complexes with
ZAl and ZA, have been deposited at the PDB, and have ID codes 1qo9, lqon, and 1dx4,
respectively.

The refined structure of DmAChE is similar to that of vertebrate AChEs, e.g., human, mouse
and fish, in its overall fold, charge distribution and deep active-site gorge, but some of the
surface loops deviate by up to 8A from their position in the vertebrate structures, and the C-
terminal helix is shifted substantially (Fig. 11). While the lower part of the active-site gorges of
the insect enzyme and that of TcAChE are very similar (Figs. 12 & 13), the upper part of the
active-site gorge of the insect enzyme is more constricted than that of the vertebrate enzymes,
due to the larger size of the side-chains of certain amino acids lining it (Fig. 14). Upon binding of
either of the two inhibitors, nine aromatic side chains within the active-site gorge change their
conformation so as to interact with the inhibitors (Fig. 15).

Comparison of the 3D structures of DmAChHE and the vertebrate AChE structures indeed
suggest candidate residues which can be taken into account in attempting to achieve inhibitor
selectivity. The primary candidates for achieving this selectivity are the 8 residues clustered near
the opening of the gorge, which differ in the insect and vertebrate sequences. The largest
differences, which are potential targets for inhibitor selectivity, are in Tyr71, Tyr73, Glu80 and
Asp375 (DmAChHE numbering), which are Asp, Gln, Ser and Gly, respectively, in vertebrates.
However, differences in residues which do not line the gorge, but interact with gorge residues
(i.e., second shell), may play a role in influencing selectivity, as discussed below.

One of the known differences between vertebrate and insect AChEs is the latter's ability to
hydrolyze substrates with larger acyl moieties, e.g. butyrylcholine (150). A possible reason for
this difference is that in the vertebrate acyl binding pocket, the residues equivalent to Leu328 and
Phe371 in DmAChE (Phe288 and Phe331 in TcAChE) are both phenylalanines, and form a rigid
T—7 stacking pair. Since residue 328 in DmACHE is a leucine, the rigid n—m stacking is lost
(though the total aromatic nature of the pocket is maintained by the 'gain’ of Phe440). The loss of
rigid stacking renders Phe371 more mobile, thus enabling the insect acyl binding pocket to
accommodate larger moieties. Furthermore, mutagenesis of the same residue in hAChE, i.e.
Phe295Leu, increased the substrate specificity of this enzyme for butyrylcholine relative to that
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for ACh by more than 100-fold (32, 38). Hence, we predict that a Leu328Phe mutation in
DmAChE should reduce its capacity to hydrolyze butyrylcholine. This prediction will be tested
by site-directed mutagenesis.

Four natural mutations have been identified in insect AChEs (151, 152) which confer
resistance to insecticides in both Drosophila and in houseflies: Gly265Ala, Phe330Tyr,
Ile161Val and Phe77Ser. Our 3D structure can rationalize the effects of these mutations; (1)
Gly265 is conserved across both insects and vertebrates (see Fig. 9). The Gly265Ala mutation is
not in the active-site gorge, but in a second shell. We propose that the additional methyl group
points toward the active-site Ser238 and thus affects catalysis. (2) The Phe330Tyr mutation is in
the array of aromatics lining the acyl pocket. It is also conserved throughout other invertebrates
as well as vertebrates. The additional OH of Tyr330 would be lodged in the acyl binding pocket,
reduce its size and hence, its binding specificity. (3) The Ile161Val mutation is also in the second
shell. Valine is found in this position in vertebrates (see Fig. 9). Residue 161 has some
interactions with the key 'anionic’ site residue, Trp83. Comparison of the DmAChE structure
with the vertebrate structures shows that the isoleucine is in somewhat closer contact than the
valine with Trp83 (3.8A vs. 4.0A). This may affect either the mobility of Trp83 or its
electrostatic properties. (4) Phe77, another residue conserved across species, is also in the second
shell. It forms an end-on 7—7 interaction with the active-site gorge residue Trp472; mutation to
serine eliminates this interaction and, apparently, causes serious alteration of the active-site

gorge.

Studies on Human Paraoxonase

Human paraoxonase/arylesterase (PON1) is an esterase with broad substrate specificity. It
catalyzes the hydrolysis of paraoxon, and a number of other OPs, and of esters such as
phenylacetate. OPs are widely used as insecticides and nerve gases, and are lethal for many
species, including humans, due to their inhibition of the synaptic enzyme, AChE, as well as of
other esterases and proteases. It has been shown that serum paraoxonase plays a significant role
in the detoxification of a variety of OPs in mammals. Furthermore, correlations have been found
between the levels of serum paraoxonase and systemic diseases, such as systemic amyloidosis
(see Background Section). The enzyme does not correspond to any of the protein sequences in
the Swiss-Prot data base or in the protein sequences derived from the GENEBANK database;
thus it is difficult to infer any structural information from proteins found in the Protein Data
Bank (PDB) (153). Although PON1 may be involved in breakdown of oxidized lipids (see
Background Section), its physiological role and natural substrate remain to be clearly defined.
Structural data may shed light on this issue, and may also offer a new structural motif.

Expression of PON1 has been achieved, both in human 293 kidney cells and in CHO-K1
cells. These expression systems were utilized, in conjunction with site-directed mutagenesis, to
obtain evidence for a role in the catalytic action of PON1 of various candidate amino acids, and
in an attempt to increase its catalytic efficacy (82, 154). In order to obtain the large quantities of
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pure protein necessary for X-ray crystallographic studies, both of wild type PON1 and of
pertinent mutant forms of the enzyme, we have chosen the Baculovirus expression vector system
(BEVS) in insect cells. This expression system has proved itself in recent years as an extremely
versatile and cost-effective tool for large-scale production of many eukaryotic proteins, with
yields of as much as 50mg/l of culture medium (155). A scan of the PDB retrieved almost 100
structures of proteins which had been expressed using the BEVS expression system
(http://www.rcsb.org). The BEVS system has also been successfully used in expression of both
wild-type and selenomethionyl variants of human choriogonadotropin (156). The production of
selenomethionyl variants of a particular protein is an extremely powerful tool which permits
determination of a structure by multiple anomalous diffraction (MAD) techniques (157). This
technique requires only a single crystal, with the phase problem being solved by varying the

wavelength during data collection. This is in contrast to multiple isomorphous replacement
methods, which require crystals that are isomorphous to the native ones with heavy atoms soaked
in.

The BEVS is a eukaryotic expression system; it thus uses many of the protein modification,
processing, and transport systems present in higher eukaryotic cells. Baculovirii are large,
enveloped double-stranded DNA virii that infects arthropods. The viral genome is large (130
kbp); hence it can accommodate large segments of foreign DNA. Virii enter the cell by
adsorptive endocytosis and move to the nucleus, where their DNA is released. Two types of viral
progeny are produced: extracellular virus is released from the cell by budding, starting ~12 hr
postinfection, and is produced at a logarithmic rate until 20 hr postinfection, after which
production falls off. Polyhedra-derived virus appears in the nucleus at ~18 hr postinfection, and
continues to accumulate as late as 72 hr postinfection, or until the cells lyse. Occluded viral
particles are embedded in proteinaceous viral occlusions called polyhedra within the nuclei of
infected cells. The polyhedrin protein (29 kDa) is the major protein component of the occlusion
bodies.

The BEVS expression system takes advantage of several properties of the polyhedrin protein:
(1) It is expressed at very high levels in infected cells, constituting more than half of the total
cellular protein late in the infectious cycle; (2) It is not essential for infection or replication of the
virus; (3) Virii lacking the polyhedrin gene have a plaque morphology distinct from that of
viruses containing the gene. Thus the recombinant baculovirus is engineered to express the
desired protein by replacing the polyhedrin gene with a foreign gene coding for this protein
through homologous recombination. This is achieved by cotransfecting a linearized baculovirus
genome with a transfer vector containing the gene of interest. This transfer vector, besides the
elements needed for amplification in E. coli, contains a multiple cloning site for the insertion of
the target gene, a promoter for the polyhedrin gene and a large tract of baculovirus genome
flanking the cloning region to facilitate homologous recombination. Subsequently, recombinant
viruses in which expression of polyhedrin has been replaced by the target protein can be selected
by several screening methods. Many commercial improvements to this basic protocol, that report
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increased efficiency in the production of recombinant virus, are available on the market, thus
minimizing the time needed for production of a suitable virus.

We have received, from the laboratory of Prof. Bert La Du (Department of Pharmacology,
University of Michigan), with whom we are collaborating, the PON1Q allelic variant of the
PONI1 gene in which residues His19 and GIn20 have both been mutated to alanine, which is,
therefore, designated as AA PON1Q. This construct permits secretion of PON1Q into the
medium, by enabling the cell machinery to cleave the N-terminal signal peptide (158). While the
resulting product was reported to display reduced activity, its solubility properties were greatly
enhanced, and we felt that it should constitute a suitable candidate for structural studies.

We have amplified the AA PON1Q clone, received from the La Du laboratory, via PCR, in a
BlueScript® shuttle vector, with primers designed to contain the appropriate restriction sites for
unidirectional cloning in the transfer vector. A region coding for six histidine residues (His-tag)
was included in the 3' primer, in order to permit purification of the expressed protein on a nickel
column (159). The product was sequenced to confirm the integrity of the coding sequence, and to
check whether PCR had introduced any errors. The gene fragment was then isolated by digestion
with the appropriate restriction enzymes, purified and cloned in an appropriate transfer vector for
the BEVS, viz. AcNPV (160). The cloning strategy employed is shown schematically in Fig. 16.

Production of recombinant virus was successfully achieved after 4 days. Initial small-scale
experiments in which the recombinant virus was used to infect Spodoptera frugifera sf9 cells
resulted in successful expression and in secretion of active AA PON1Q into the culture medium.
Presence of AA PON1Q was verified by Western blotting employing both antibodies against a
C-terminal Hisg-tag, and anti-PON antibodies provided by the La Du laboratory. They recognize
the same polypeptide, with an apparent molecular weight of 40 kDa, which is 2.5-5 kDa lower
than that of native PON1Q, due to cleavage of the N-terminal signal peptide. Arylesterase (ArE)
activity measurements confirmed that the recombinant AA PON1Q is properly folded and
enzymatically active, as shown in Table 1.

ArE activity in the crude extract was 6.2 U/ml, higher than previously reported for a AA
PON1Q (77). Thus we were not able to confirm the earlier report that ArE activity is severely
reduced in the double mutant (81). The units of specific activity are (tmoles of phenylacetate
hydrolyzed per min per mg of protein (77). Sorenson and coworkers expressed both WT PON1Q
and AA PONI1Q in 293 mammalian cells (81), and reported obtaining 0.2 U/ml in the medium
for both recombinant enzymes.

We then proceeded to scale up production of the enzyme in order to obtain the quantities
necessary for crystallization. Toward this objective we amplified the recombinant virus by
infection of fresh sf9 cells. Amplification yielded a high titer virus preparation (1-2x10® per ml)
that was used to infect fresh sf9 cells. Our initial production yielded quantities of around
0.05mg/ml, which are more than sufficient to establish the quality of the expressed protein and
adequate to begin crystallization trials. A crucial bottleneck in the production of diffraction grade
crystals is the production of a highly pure, concentrated and monodisperse solution. Our
preparation in sf9 cells was made using culture medium containing 15% fetal calf serum, which



introduces into the medium a large amount of foreign proteins (and proteases) that can affect
both the stability and the purification of the target protein. In order to overcome this problem we
infected a cell line, HS, that had been adapted to serum-free conditions. As with the sf9 cells, the
infected HS cells were found to release active AA PON1Q into the extracellular medium without
the need for lysis, and in more than sufficient quantities to perform initial screening tests
(0.1mg/ml). Purification of recombinant AA PON1Q was achieved by affinity chromatography
on a Ni-NTA column that selectively binds the C-terminal His,-tag. After elution from the
column, purified PON was dialysed against the appropriate buffer, to eliminate any trace of
detergent or heavy metals that might affect its stability. As can be seen from the SDS-PAGE in
Fig. 17 and Western blot in Fig. 18, AA PON1Q can be purified to ~80% on just this first pass.

The results obtained so far are very promising. We have succeeded in obtaining high
quantities of properly folded and active AA PON1Q, that can be easily extracted from the culture
media to 80% purity in one step of affinity chromatography and, most likely, can be brought to a
purity level acceptable for crystallization trails with only one more purification step. Further
purification of the protein will take into consideration methods to ensure long-term stability of
the enzyme and monodispersity of the solution, which are key requirements for obtaining X-ray
grade crystals.
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TABLES

Table 1. Expression parameters of PON1.

Comparison between expression parameters of PON1 in different phases of expression and purification, and human
serum PON(type Q).

Step Yield (mg/ml)  ArE Activity (U/ml)  Specific Activity (U/mg)
Expression 0.05- 0.1 6.17 61.7 - 123 4"

Nickel resin purification ~ 0.15 12.3 82

Dialysis 0.22 25.44 115.6

Human serum PON1° 1.26

Purified serum PON1° 845

* value varied between different batches of expression.
® from Smolen et al. (77).
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FIGURES

Fig. 1. Structural Kinetics of VX inhibition of TcAChE by X-ray crystallography.

Structural kinetic of VX inhibition of TcAChE by X-ray crystallography at pH 6.0. The active site of TcAChE is
depicted with possible H-bonds involving the catalytic triad and OP moiety (broken lines). Panel A (native structure)
shows the active site, including the catalytic triad (Ser200-His440-Glu327) and the oxyanion hole (-NH of Gly118,
Gly119, and Ala201). Note that two water molecules (WAT) are displaced by the OP. (Panel B, pro-aged structure):
Phosphonylation triggers a conformational change for His440 that disrupts the H-bond to Glu327; this may be
caused by steric crowding in the pentavalent phosphorus transition state, or by re-distribution of charge on the
His440 imidazolium during phosphonylation. Glu199 and a water (WAT) apparently stabilize the alternate
conformation of His440. Subsequently, the His440 imidazole catalyzes either dealkylation (aging), or spontaneous
reactivation (Scheme 1). For reaction of AChE with VX and most phosphonates, aging predominates, and
dealkylation results in movement of His440 to the negatively charged pocket formed by Glu3270¢, Ser2000y and
one anionic oxygen of the dealkylated OP (Panel C, aged structure).
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Fig. 3. Stereo view of binding of GAL in the active site gorge of TcAChE.

The solvent accessible surface of the protein (without waters and without ligands) was calculated by use of the
program MSMS (161) with a probe radius of 1.4A. Only those parts of the surface within 9.0A of the bound
inhibitor are visible, and the surface is 30% transparent, allowing visualization of some of the underlying protein
residues. The surface has also been clipped to reveal the interior side, and has been color-coded such that blue
indicates those parts of the surface whose underlying atoms are between 4.0 and 3.0A from any atom of the
inhibitor, and pink indicates distances of less than 3.0A from the protein atoms to the inhibitor. Only a small portion
of pink surface is visible in this orientation, located below the O-methy! group of the inhibitor, in the acyl-binding
pocket. GAL has been rendered as a ball-and-stick model whose carbon atoms are colored green. Selected protein
residues are shown as stick models with yellow carbon atoms. Water molecules are red spheres, and the PEG200
trimer/tetramer is rendered as a ball-and-stick model whose carbon atoms are colored pink.
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Fig. 4. Stereo view of possible hydrogen bonds between GAL and TcAChE.

The inhibitor is displayed as a ball-and-stick model, with green carbon atoms. The protein residues are rendered as
stick models with yellow carbon atoms..

Fig. 5. Comparison of GAL vs HupA binding to the active site of TcAChE.

Stereo view comparing binding of GAL and HupA in the active site of TcAChE, showing the main-chain
conformational change (Glyl17) associated with binding of HupA. GAL and associated protein residues are
rendered as green stick models, while HupA and associated protein residues are rendered as thin pink stick models.
Water molecules associated with the GAL structure are shown as red spheres, while those from the HupA structure
are displayed as smaller pink spheres.
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(b)
Fig. 6. Time course of cleavage of disulfide bond Cys254-Cys265 in TcAChE.

Sequential Fourier maps showing the time course of cleavage of the Cys254-Cys265 disulfide bond in TcAChE.
Cysteine residues were refined as alanine residues to avoid model bias. (a) 3Fo-2Fc maps, contoured at 1.5 o (b)
Fo-Fc maps, contoured at 3 o.

‘gsn . |

Fig. 7. Time course of cleavage of disulfide bond Cys402-Cys521 in TcAChE.

Sequential Fourier maps showing the time course of structural changes in the Cys402-Cys521 disulfide bond in
TcAChE. Data collection, refinement and map contouring as in Fig. 1. (a) 3Fo-2Fc maps; (b) Fo-Fc maps.
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Fig. 8. Change in TcAChE B-factors due to synchrotron irradiation.

Histogram showing the increase in B-factors for the side chains of the different types of amino acid in TcAChE as a
consequence of synchrotron irradiation. The horizontal line indicates the mean increase in side chain B-factors. The
numbcrs along the x-axis show the number of occurrences of each type of amino acid in TcAChE. The individual
bars show the average increase in B-factor for each type of amino acid for the 2nd data set (B), as compared to the
Ist data set (A), viz. (B-factory - B-factor,)/ B-factor,. Data in this figure, as well as values for increases in B-
factors mentioned in the text, are derived from models in which the six Sy atoms of cysteine residues participating in
intrachain disulfide linkages were included in the refinement.
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Fig. 10. Chemical formulae of reversible AChE inhibitors: ZAI, ZA and tacrine.
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Fig. 11. Overall comparison of 3D structures of DmAChE and TcAChE.
Overlap of DmAChE (red) and TcAChE (green) Ca traces.
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Fig. 12. Comparison of catalytic triads in 3D structures of DmAChE and TcAChE.

Overlap of DmAChHE (red) and TcAChE (green) catalytic triad, oxyanion hole residues and anionic binding site
residue Trp 83 (DmAChE numbering).

Fig. 13. Comparison of acyl pockets in 3D structures of DmAChE and TcAChE.
Overlap of DmAChE (red) and TcAChE (green) acyl pocket residues, oxyanion hole and active-site serine.
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Fig. 14. Solvent-accessible area in DmAChE andTcAChE.
A: DmAChHE; B: TcAChE. Key active-site gorge flanking residues are shown in red.

)
(A) (B)
Fig. 15. ZAl/DmACHhE interactions.

A: DmACHE residues (turquoise) interacting with ZAI (red) with distances <3.8A. B: Nine aromatic residues in
native DmAChE (black) change their conformation when ZAI (red) shown with its van der Waals surface, binds to
DmAChE,
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Extraction of PON1 by PCR and
generation of N-terminal EcoR/
site and C-terminal Not/ site and
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PON1 subcloned

N-terminal primer encoding EcoR] site
C-terminal primer encoding Not! site and

a His-tag
Cycled restriction

ligation with Bluescript
digested with Smal

1) Digestion in Smal site
> / KS+/PON1clone
Biuescript KS+ e o . |
2961 bp 2) Cycled restriction ligation with
PON1 PCR product and Smal
restriction enzyme.
1) Extraction of 2)Ligation with pAcSG2
P_ON l.by ) expression vector
digestion in digested in EcoR/ and
EcoR1I and Notl Notl sites.
sites
T
1) Digestion in EcoR1 and Not! sites
ACSG2 pACSG2/PON1
2523 bp > clone

2) Ligation with PON| extracted
from KS+ vector

Fig. 16. PON cloning scheme.
Cloning scheme of AA PONIQ from the initial clone received to the expression clone ready to transfect into insect
cells.
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Fig. 17. Results of Ni-NTA purification of recombinant AA PON1Q.

SDS-PAGE shows molecular weight markers in lanes 1 and 10, PON1 purified from human serum in lane 2 at a
molecular weight of ca 43 kDa, crude culture medium from sf9 cells expressing recombinant AA PON1Q in lanes 3
and 4, wash fractions from the Ni-NTA column in lanes 5 and 6, and purified AA PONIQ, at a molecular weight of
ca. 40 kDa, in the eluate fraction from the Ni-NTA column in lane 7. Lanes 8 and 9 are subsequent elution fractions
in which the concentration of AA PON1Q is below the threshold of detection of the staining method employed.
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Fig. 18. Western blot showing recombinant AA PON1Q.

Western Blot showing recombinant AA PON1Q in the crude culture medium from
elution fractions from the Ni-NTA column (lanes 5-7).

sf9 cells (lane 3) and in the
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- Radiation damage Is an inherent problem in x-ray crystallography.

It usually is presumed to be nonspecific and manifested as a
gradual decay in the overall quality of data obtained for a given
crystal as data collection proceeds. Based on third-generation
synchrotron x-ray data, collected at cryogenic temperatures, we
show for the enzymes Torpedo californica acetylcholinesterase and
hen egg white lysozyme that synchrotron radiation also can cause
highly specific damage. Disulfide bridges break, and carboxyl
groups of acidic residues lose their definition. Highly exposed
carboxyls, and those in the active site of both enzymes, appear
particularly susceptible. The catalytic triad residue, His-440, in
acetylcholinesterase, also appears to be much more sensitive to
radiation damage than other histidine residues. Our findings have
direct practical implications for routine x-ray data collection at
high-energy synchrotron sources. Furthermore, they provide a
direct approach for studying the radiation chemistry of proteins
and nucleic acids at a detailed, structural level and also may yield
information concerning putative “weak links” in a given biological
macromolecule, which may be of structural and functional signif-
icance.

Although radiation damage is an inherent problem in x-ray
crystallography, it has not, so far, been widely investigated.
It usually is presumed to be nonspecific and to be manifested as
a gradual decay in the overall quality of data obtained for a given
crystal as data collection proceeds (1-3). The macromolecular
crystallographic community has responded to the reality of
radiation damage by implementing cryo-techniques (4, 5). How-
ever, even during data collection at cryogenic temperatures,
using moderate-intensity synchrotron radiation facilities, sub-
stantial damage, in terms of loss of resolution, was repetitively
observed for large structures like the ribosome (6), as well as for
globular proteins (7). At third-generation sources, it is not
uncommon for insertion device beamlines to attenuate or de-
focus the beam (8) simply to lower the available flux density,
which is too high even for globular proteins and nucleic acids. To
make optimal use of bright synchrotron sources, it is imperative
that we come to understand the mechanism of radiation damage
and its detailed consequences.

In the following, we present a study on two proteins that
provides a description of the molecular consequences of radia-
tion damage at cryogenic temperatures. The initial study, per-
formed in preparation for time-resolved measurements on Tor-

pedo californica acetylcholinesterase (TcAChE) (9), showed, in
addition to the loss of diffractive power of the crystal and a
general increase in atomic B factors, highly specific effects of
x-ray irradiation. These included, in particular, breakage of
disulfide bonds and loss of definition of the carboxy! groups of
acidic residues. Very similar specific radiation damage was
observed in studies of a second enzyme, hen egg white lysozyme
(HEWL), suggesting the generality of the observed phenome-
non. Our studies have direct practical implications for macro-
molecular crystallographers using bright synchrotron sources,
both with regard to data collection and interpretation of the

F -+

structures obtained. Furthermore, they have served as a starting
point for more detailed studies of the mechanism of radiation
damage using insertion device x-ray sources at a third-generation
synchrotron (R.B.G.R. and S.M,, unpublished work). Finally,
they show that radiochemistry of macromolecules exposed to
synchrotron radiation can be monitored at a detailed structural
level and thus may supplement and augment data obtained by
use of existing techniques used in radiation research, such as
electron spin resonance and electron-nuclear double-resonance
spectroscopy (10, 11).

Methods

Materials. TcAChE is a glycoprotein of subunit molecular weight
65,000. It contains three intramolecular disulfide bonds and an
intermolecular disulfide at the C terminus, which participates in
dimer formation. TcAChE was purified, subsequent to solubili-
zation with phosphatidylinositol-specific phospholipase C, by
affinity chromatography, as described (12). Trigonal crystals of
space group P3,21 were grown from 34% polyethyleneglycol
200/0.3 M morpholino-ethanesulfonic acid, pH 5.8, at 4°C (13).

HEWL is a monomeric protein of molecular weight 15,000,
containing four intrachain disulfide bonds. It was obtained from
Appligene (Ilkirch, France). Tetragonal crystals, of space group
P432,2, were grown from 2-6% NaCl/0.2 M Na acetate, pH
4.7 (14).

Data Collection and Processing. TcAChE. Crystals were transferred
j ineral oil and flash-cooled by using an Oxford-Cryosys-
A operating at 100 K. On a single crystal, a series of
nine complete data sets (A-I) were collected on the undulator
beamline, ID14-EH4, at the European Synchrotron Radiation
Facility in Grenoble. The unattenuated beam was used at a
wavelength of 0.931 A. For each data set, 70 frames were
collected, with an oscillation range of 0.5° and an exposure time
of 3 sec per frame, at a starting angle determined by use of the
STRATEGY program (15). The entire duration of collection of
each data set was 19 min. Data were processed by using DENZO
and SCALEPACK (16) (see Table 1). The resolution limit, as
determined by <I>‘£<o-I> and Ruerge in the highest resolution
shell, was 2.0-2.1 A for the first three data sets (A-C) and
gradually decreased to 3.0 A for the last data set ).

Abbreviations: AChE, acetylcholinesterase; TcAChE, Torpedo californica AChE; HEWL, hen

egg white lysozyme,

Data deposition: The nine structures of AChE and the structure of HEWL, collected at 100

K, have been deposited at the Protein Data Bank, www.rcsb.org (PDB ID codes 1QID, 1QIE,

1QIF, 1QIG, 1QIH, 1Ql, 1QU, 1QIK, and 1QIM and 1QIO, respectively.
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Table 1. Diffraction data statistics AChE

Data set A, B C D E F G H |

Resolution, A 40-2.05 40-2.1 40-2.1 40-2.3 40-2.5 40-2.65 40-2.8 40-2.9 40-3.0

No unique 62,401 56,543 58,334 44,671 34,910 29,417 25,004 21,801 20,415
reflections

Redundancy 2.1 1.8 1.8 2.1 21 2.1 2.1 1.8 2.1

M Ha* 16.4 (2.8) 139 (1.9 138 (1.6 142(19 134 (18) 12207 107017 88 (1.8) 9.0 (1.9)

Completeness (%)*  99.0 (99.3) 96.1 (96.9) 99.0 (99.2) 99.1 (99.4) 99.0 (99.4) 99.0 (99.1) 989 (99.2) 955 (98.6) 98.3 (99.2)

Rmerge, % 47 5.1 5.2 5.4 5.8 6.5 7.1 9.4 8.6

*Numbers in parentheses indicate statistics for highest resolution shells.
TRmerge = Z-Hl/21.

HEWL. As part of a longer time series, three data sets were
collected on the same undulator beamline, at the same wave-
length as for TcAChE, but with an attenuated (ca. 15-fold) beam.
The exposure time was 1 sec, and the oscillation range was 0.5°
per frame. Total time to collect one data set was 14 min. The
attenuated beam had to be used to prevent serious overloads of
the low-resolution reflections. Between the second and the third
data sets (B and C), the crystal was exposed for 132 sec to the
unattenuated beam. The crystal diffracted to better than 1.2
for all three data sets, and data processing was carried out as
described for TcAChE (see above) (see Table 2).

Dose Calculations. A typical flux at the sample position of the
utilized beamline is 5 X 1012 photons/sec through a collimator
0.15 mm in diameter. As determined by the crystal size and a
calculated absorption coefficient, 1.2% and 2.1% of the photons
were absorbed by the crystals of TcAChE and HEWL, respec-
tively, resulting in deposited energies of the order of magnitude
of 107 Gy per data set for TcAChE and 10° G per data set for
HEWL. Between the second and third data sets collected on the
HEWL crystal, it was exposed to a total absorbed dose of the
order of 107 Gy.

Table 2. Diffraction data statistics HEWL

Data set A B C
Resolution, A 25-1.2 25-1.2 25-1.2
No. unique reflections 34,095 34,062 34,143
Redundancy 3.93 3.92 3.94
OYIC0)M 23.7 (4.3) 23.6 (4.2) 22.8 (2.6)
Completeness (%)* 95.3 95.2 95.1

(99.9, 69.2)*  (99.9, 68.9)* (100, 67.8)*
Remerge, %% 6.1 5.9 6.1

*Numbers in parentheses indicate statistics for resolution shell 1.24-1.2 A.

tData sets are complete up to 1.4.A, but incomplete between 1.4 and 1.2A
because these reflections were measured in the edges of the squared detec-
tor.

tNumbers in parentheses indicate statistics for resolution shells 1.51-1.42 A
and 1.24-1.2 A, respectively.

serrge = 2"’(‘)‘/2’-

Table 3. Refinement statistics AChE

Structure Refinement and Analysis. For both proteins, all data, up
to the high-resolution limit, were used for refinement. For
TcAChE, electron density maps weré obtained for each data set
by routine refinement, using the program CNs (17), starting from
the model of native TcAChE, namely Protein Data Bank (PDB)
ID code 2ACE (13), with minor adjustments obtained from the
higher-resolution structure, PDB ID code 1VXR (18) (see Table
3). All six cysteine residues participating in intrachain disulfide
linkages were refined as alanines, to avoid any potential bias in
the electron density maps (the interchain disulfide was not
observed; ref. 19). The programs MOLSCRIPT (20), BOBSCRIPT
(20, 21), and RASTER3D (22) were used to produce illustrations
showing the time course of occurrence of specific structural
damage, using electron densities calculated by the program CNS
(17), and displayed with 0 (23). For HEWL, structures were
refined by using SHELXL (24) based on the model of HEWL,
namely PDB ID code 194L (e@® Vaney, e9e Maignan, ee

Ries-Kautt, and eee Ducruix, ;ersonal comeunication) (s{:

Table 4). Ae. &, M.

Results

Comparison of the series sequence of refined structures for
TcAChE reveals specific and time-dependent changes in elec-
tron density in the region corresponding to the disulfide bridge
between Cys-254 and Cys-265 (Fig. 1a). To be certain that there
was no model bias in these maps, all six cysteine residues taking
part in intrachain disulfide linkages were refined as alanines.
This permitted unequivocal visualization of the Sy atoms in
difference Fourier maps (Fig. 1b). The other two disulfide bonds,
Cys-402-Cys-521 (Fig. 2) and Cys-67-Cys-94 (data not shown),
appear substantially more stable over the same period of time.
Similar cleavage of S-S bonds has been noted in a number of
other x-ray crystallographic measurements on TcAChE using
ID14-EH4, in which the cryogenic temperature was varied, and
both shorter and longer exposure times were used (data not
shown).

Detailed inspection of the nine temporal steps for the Cys-
254—Cys-265 bond reveals that already in the first data set (Fig.
1bA) some reduction of density is observed for Cys-265Sy
relative to that of Cys-254Sy, with disappearance of any linking

Data set A B C D E F G H 1
g factor, % 21.6 21.4 21.2 20.3 19.9 19.8 19.4 19.9 19.1
@ % 229 23.0 22.7 22.0 216 21.9 223 226 21.6
NG. protein atoms 4,239 - 4,239 4,239 4,239 4,239 4,239 4,239 4,239 4,239
No. solvent molecules 333 320 314 335 325 297 293 284 260
Average 8 factor, A 30.5 339 39.1 411 43.9 46.1 46.4 43.0 46.1
rmsd bond length, A 0.007 0.007 0.007 0.008 0.008 0.008 0.009 0.008 0.009
rmsd bond angle, * 1.4 1.4 1.4 14 1.4 1.4 1.4 1.4 1.4
rmsd, rms deviation.
[. welk et al.
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Fig.2. Sequential Fourier mapsshowing the time course of structural changes in the Cys-402—Cys-521 disulfide bond in TcAChE. Data collection and refinement
were as in Fig. 1. (@) 3Fo-2Fc maps, contoured at 1.5 . (b) Fo-Fc maps, contoured at 3 o.

Relative B-factor increase (%)
pr
1

23243524 71683413 21 25 153432 43221417 40

Fig.3. Histogram showing the increase in B factors for the side chains of the
different types of amino acid in TcAChE as a consequence of synchrotron
irradiation. The horizontal line indicates the mean increase in side-chain B
factors. The numbers along the x-axis showthe number of occurrences of each
type of amino acid in TcAChE. The individual bars show the average increase
in 8 factor for each type of amino acid for the second data set (B), as compared
with the first data set (A), namely (8 factorg — B factora)/8 factov

4 | www.pnas.org

ata in this figure, as well as values for increases in B factors
mentioned in the text, are derived from models in which the six Sy
atoms of cysteine residues participating in intrachain disulfide
linkages were included in the refinement.

the crystal to the unattenuated beam, shows clear peaks in the
sequential Fourier difference map, indicating significant reduc-
tion in electron density of both Sy atoms in the third data set as
compared with the second (Fig. 4C).

Discussion and Condusions

The design and construction of increasingly brilliant x-ray
sources have brought us to a point at which the number of
photons a crystal can absorb before its crystalline diffraction
disappears is reached rather fast, even at cryogenic tempera-
tures. This finding is in agreement with predictions made by
Gonzalez and Nave (3), which were based on extrapolation of
radiation damage occurring during experiments at a second-
generation source making use of a polychromatic beam. In the
series of data sets collected on a single crystal of TcAChE at the
undulator beamline, ID14-EH4, of the third-generation synchro-
tron source at the European Synchrotron Radiation Facility, the
resolution decreased from 2.0 X for the first to 3.0 A for the ninth
consecutive data set. The observed decay is not unexpected,
because our calculations show that the dose of energy absorbed
per data set for TcAChE was of the order of 107 Gy, i.e., similar
to the value of 2 X 107 Gy that Henderson (25) calculated to be
required to totally eradicate crystalline diffraction of proteins.

Our observation of specific radiation damage, including cleav-
age of disulfide bridges and loss of definition of carboxyl groups

Weik et al.
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rmsd, rms deviation.

density already apparent in the second data set. Subsequently-it
___»appear $ t € th=hew-moves—away~from
Cys-254Sx.(Fig.~15C)-and-then-disappears. Although Cys-254Sy
does not appear to move, its electron density gradually dimin-
ishes, and by the eighth step (Fig. 15H) it is no longer visible.
Comparison of the overall structures does not reveal any major
change in backbone conformation occurring concomitantly with
disulfide bond cleavage. B factors do change as a function of
time, but not uniformly throughout the protein. Specifically, the
B factors for Cys, Asp, and Glu side chains increase much more
than those for other amino acids (Fig. 3). Examination of

o \_detached and finally disappears
;o '
4
Table 4. Refinement statistics HEWL
Data set A B C
/ R factor, % 14.1 145 146
Riree, % 18.7 19.1 19.0
No. protein atoms 1.026= 1,02/ 1,021 1,021
,/ No. solvent molecules A8 3%+ 184 184
No. heterogen atoms 3 3 3
Average B factor, A2 16.9 16.4 17.5
rmsd bond length, A 0.013 0.013 0.013
rmsd angle distance, A 0.031 0.030 ,0.020’
0.029

——
ubsequently, it appears as if Cys-265Sy first moves
+ away from Cys-254Sy (Figs. 1bB and 1bC), then is ’

—_— e

individual amino acids shows that the rate of increase in B factor
for the side chain of Cys-265, for the first three data sets, is the
highest in the whole protein and that for the side chain of Cys-254
is only exceeded by that for the side chain of the exposed
glutamic acid residue, Glu-306. The side chain of the glutamic
acid in the catalytic triad, Glu-327, also shows a marked increase
in B factor of 50% in the second (B) compared with the first (A)
data set. Although the B factors for histidine residues in general
do not increase remarkably (Fig. 3), that for the catalytic triad
residue, His-440, increases by 34%.

For HEWL, exposure to the unattenuated x-ray beam pro-
duced chemical damage similar to that observed for TcAChE.
Disulfide bond breakage was the most noteworthy effect. Cys-
6~Cys-127 is the most susceptible disulfide bond. The Cys-76-
Cys-94 bond is partially cleaved, with an alternative rotamer
position for Cys-94Sy clearly visible. The Cys-30-Cys-115 (Fig.
4A4) and Cys-64~Cys-80 bonds appear to be the least susceptible.
B factors for aspartic acid residues, and for the two glutamates
present in lysozyme, increase more than those for other amino
acids. By using the attenuated beam, it was possible to mitigate
bond breakage substantially. Specifically, comparison of the first
two data sets, collected with the attenuator in place, shows no
apparent difference in the electron density maps for the Cys-
30-Cys-115 bond (Fig. 4B). However, comparison of the second
data set to a third data set collected similarly, but after exposing
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Fig.1. Sequential Fourier maps showing the time course of cleavage of the Cys-254-Cys-265 disulfide bond in TcAChE. Cysteine residues were refined as alanine
residues to avoid model bias. (a) 3Fo-2Fc maps, contoured at 1.5 o. (b) Fo-Fc maps, contoured at 3 o.
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Fig. 4. " Sequential Fourier maps and difference Fourier maps showing cleav-
age of the Cys-30~Cys-115 disulfide bond in HEWL as a function of x-ray dose
at 1.2-A resolution. (A) Initial 2Fo-Fc map, contoured at 1.5 0. (8) Difference
Fourler map, wFa — WFg, for two successive data sets collected using an
attenuator, contoured at 5 o (the w refers to siGMaa weighting (39). (c)
Difference Fourler map, wFa — wfe, for two successive data sets, between
which the crystal was exposed to the unattenuated beam, contoured at 6 o.
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of acidic residues, was, however, unexpected. Disulfide bond
cleavage by ionizing radiation has been described in a variety of
studies in solution (see ref. 26 and references therein). Helliwell
(27) reported disulfide bond cleavage in crystalline des-
pentapeptide insulin under conditions of synchrotron radiation
at room temperature, and Burley, Petsko, and Ringe (personal
communication) made similar observations for ribonuclease by
using a conventional x-ray source. Under our experimental
(cryogenic) conditions, we reproducibly observe a specific order
of cleavage, with the Cys-254—Cys-265 bond being the most
susceptible in TcAChE and Cys6-Cys127 the most susceptible in
HEWL. Breakage of the homologous disulfide, Cys-292~Cys-
302, in the x-ray structure of Drosophila melanogaster AChE
(M.H., unpublished results), was observed in a data set collected
on a second-generation synchrotron source (NSLS-X12c at
Brookhaven National Laboratory). Selective cleavage of the
Cys-6-Cys-127 disulfide bond in lysozyme was earlier observed
in a steady-state radiolysis study in solution (28).

From the histogram of increases in B factors for TcAChE
presented in Fig. 3, one can see that the residues most affected
by synchrotron radiation, apart from the cysteines, are the acidic
residues, glutamate and aspartate. One residue that is particu-
larly affected is the AChE surface residue, Glu-306; another is
Glu-327, which is a member of the catalytic triad characteristic
of serine hydrolases. In lysozyme, both acidic residues in the
active site, namely Glu-35 and Asp-52, are affected, together
with the surface residues, Glu-7 and Asp-87. The increases in B
factors could be either a consequence of increased mobility or
decarboxylation, a known effect of ionizing radiation (29).
Acidic residues often are seen in active sites of enzymes, as is the
case for both enzymes in the present study. An important
consequence of our experiments is the realization that any
unusually large B factor, i.e., apparent mobility, seen for such
residues, might not be of functional significance, but simply the
result of specific radiation damage during structure determina-
tion.

Among all the 14 histidine residues in TcAChE, the catalytic
triad residue His-440 is the most affected by x-ray irradiation, as
shown by the marked increase in its B factor. This finding could
be related to the observations of Faraggi and coworkers (28),
who showed that pulsed radiolysis affected primarily histidine
residues at active sites. However, the increase in B factor also
may be coupled to the increase in B factor noted above for the
acidic member of the catalytic triad, Glu-327. Our observation
that active-site residues are among the most radiation-sensitive
residues, suggests that, like disulfide bonds, active site confor-
mations constitute “weak links” or “strained” configurations in
protein structures.

An important issue that arises is whether the specific struc-
tural changes that we observe are a consequence of “primary”
interaction, i.e., between the x-rays and the moieties that suffer
specific damage, or “secondary”, i.e., mediated by free radicals
generated by the x-rays either within the protein (“direct”
damage) or within the solvent (“indirect” damage). The extent
to which radiation damage to proteins and nucleic acids is direct
orindirect is indeed the subject of controversy (see, for example,
the review in ref. 30). Primary damage might affect sulfurwioms
preferentially because, at the wavelength used, they have a
significantly higher absorption cross section than carbons, oxy-
gens, or nitrogens. Disulfide bonds were earlier shown, in pulse
radiolysis studies, to be sensitive to radicals (26) and, therefore,
to secondary damage. X-ray irradiation of water molecules in the
solvent area releases highly reactive species, including hydrogen
and hydroxyl radicals, and hydrated electrons (28, 29). These
species should be capable of attacking the protein even under
cryogenic conditions (31). There does, indeed, seem to be a
correlation between solvent accessibility and susceptibility of
disulfides to x-ray damage. Thus Cys-254-Cys-265 in TcAChE,
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and Cys-6-Cys-127 in HEWT, are the most susceptible disulfides
in their respective proteins, and both seem to have the largest
solvent accessible surface of the disulfides in that protein.
Irradiation has, however, also been shown to cleave disulfide
bridges in dry proteins (29). Thus possible involvement of direct
radiation damage (30, 32) in generating the specific structural
changes that we observe also must be taken into consideration.

Our findings have significant practical implications with re-
spect to x-ray data collection using bright synchrotron sources.
Fig. 1 a4, aC, bA, and bC clearly show that specific damage
occurs from the very onset of exposure of the crystal to the x-ray
beam. Yet, the resolution of these first three data sets is virtually
identical, although some decay in the signal-to-noise ratio for the
higher-resolution reflections was observed. These data sets were
all complete. However, the redundancy was low as a result of the
minimization of the data collection time. Thus, during standard
data collection at brilliant undulator beamlines at third-
generation synchrotron sources, which aims at high redundancy,
the specific radiation damage of the type that we report is very
likely to occur (31). Following the trends in Figs. 1 and 2, it is
clear that each data set represents the average of a temporal
ensemble, which might require extrapolation to zero time. We
observed earlier a broken disulfide bond (Cys-254-Cys-265) in
TcAChE using a data set that was collected on a second-
generation source wiggler beamline (NSLS-X25 at Brookhaven
National Laboratory). The Protein Data Bank (33) may contain
a substantial number of structures (see e.g., refs. 34 and 35) with
broken disulfide bonds: it would be useful if validation programs
could help to clarify whether these structures had been affected
by radiation damage. Obviously, these programs would benefit
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from serious investigation of the chemistry and physics under-
lying radiation damage to protein crystals at powerful synchro-
tron sources.

The radiation damage we have observed also may explain why
collection of multiwavelength anomalous dispersion (MAD)
data (36) has been problematic at third-generation synchrotron
sources. It is noteworthy that virtually all strong third-generation
undulator MAD beamlines make routine use of attenuators (8).

In some fields of synchrotron-related research, the free rad-
icals generated by the x-rays actually have been used for studying
biological systems in solution (37). For example, folding of an
RNA molecule has been followed on a 10-ms time scale by
monitoring its hydroxyl radical-accessible surface (38). We
anticipate that once the mechanism(s) underlying radiation
damage in single crystal protein crystallography is better under-
stood it should be possible to use the wealth of sequential
information generated as a valuable tool in radiation chemistry
and biology.
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Abstract (—)-Galanthamine (GAL), an alkaloid from the
flower, the common snowdrop (Galanthus nivalis), shows anti-
cholinesterase activity. This property has made GAL the target
of research as to its effectiveness in the treatment of Alzheimer’s
disease. We have solved the X-ray crystal structure of GAL
bound in the active site of Torpedo californica acetylcholinester-
ase (T¢AChE) to 2.3 A resolution. The inhibitor binds at the base
of the active site gorge of TcAChE, interacting with both the

choline-binding site (Trp-84) and the acyl-binding pocket (Phe-

288, Phe-290). The tertiary amine group of GAL does not
interact closely with Trp-84; rather, the double bond of its
cyclohexene ring stacks against the indole ring. The tertiary
amine appears to make a non-conventional hydrogen bond, via its
N-methyl group, to Asp-72, near the top of the gorge. The
hydroxyl group of the inhibitor makes a strong hydrogen bond
(2.7 A) with Glu-199. The relatively tight binding of GAL to
TcAChE appears to arise from a number of moderate to weak
interactions with the protein, coupled to a low entropy cost for
binding due to the rigid nature of the inhibitor.
© 1999 Federation of European Biochemical Societies.
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1. Introduction

According to the ‘cholinergic hypothesis’, Alzheimer’s dis-
ease (AD) is associated with cholinergic insufficiency [1-3].
This serves as the rationale for use of cholinergic agonists
[4,5] and cholinesterase inhibitors [6,7] for the symptomatic
treatment of AD in its early stages. Indeed, cholinesterase
inhibitors are the only drugs so far approved for treatment
of AD. These drugs include natural substances, such as the
alkaloids, physostigmine [8] and huperzine A [9], and syn-
thetic compounds, such as tacrine, under its trade name,
Cognex® [10], SDZ ENA-713, also known as Exelon® [11],
metrifonate [12) and E2020, under its trade name, Aricept®
[13,14].

Galanthamine  (4a,5,9,10,11,12-hexahydro-3-methoxy-11-
methyl-6H-benzofuro[3a,3,2-ef][2]-benzazepin-6-ol; GAL; see
Fig. 1) is an alkaloid found in the bulbs and flowers of the
common snowdrop (Galanthus nivalis) and of several other

*Corresponding author. Fax: (972)-8-934 4159.
E‘mail: joel.sussman@weizmann.ac.il

members of the Amaryllidaceae family. The active ingredient
was discovered accidentally by a Bulgarian pharmacologist in
wild Caucasian snowdrops in the early 1950s [15]. The plant
extracts were used initially to treat nerve pain and poliomye-
litis. As a natural compound, GAL has since been tested for
use in anesthesiology [16] and for treatment of many human
ailments, from facial nerve paralysis to schizophrenia and
various dementia [17-19]. It is marketed as a hydrobromide
salt under the name Reminyl®,

GAL displays 53-fold selectivity for human erythrocyte ace-
tylcholinesterase (AChE) over butyrylcholinesterase (BChE),
with ICsy values of 0.35 uM for erythrocyte AChE and 18.6
mM for plasma BChE [20]. An ICsy of 652 nM has been-
recorded for Torpedo californica AChE (TcAChE) (T. Lewis
and C. Personeni, unpublished results). Interestingly, it dis-
plays 10-fold lower potency towards human brain AChE
than towards the erythrocyte enzyme [21]. In addition to serv-
ing as a cholinesterase inhibitor, GAL is also a nicotinic acti-
vator, acting both on ganglionic and muscle receptors [22,23]
and on nicotinic receptors in the brain [24]. Nicotinic modu-
lation represents a new and promising approach in Alzheimer
research [25-30]. A recent report suggests that stimulation of
nicotinic receptors may be associated with diminished appear-
ance of amyloid plaques, one of the hallmarks of AD [31].
The double action of GAL, as both an anticholinesterase and
a nicotinic activator, has rendered it a promising candidate
drug for the treatment of AD. Indeed, phase III clinical trials
in Europe for the treatment of AD were recently completed
[32], although approval has not yet been granted.

Structure-based drug design is an important tool in the
development of second-generation candidate drugs based on
a lead compound [28,33-35]. Although computerized docking
programs are becoming increasingly sophisticated, the X-ray
analysis of a ligand-protein structure often yields crucial in-
formation. Indeed, in the case of AChE, determination of the
three-dimensional (3D) structures of the appropriate ligand-
AChE complexes was a prerequisite for making correct struc-
tural assignments for huperzine A [36] and E2020 [14], as well
as for the snake venom toxin, fasciculin [37]. In the case of
GAL, too, docking protocols suggest more than one possible
orientation (Fletcher, R., Viner, R., Lewis, T., unpublished
results). Determination of the 3D structure of a GAL-AChE
complex would obviously resolve the issue. Furthermore,
knowledge of the structure of the complex would also allow
us to rationalize results of recent synthetic modifications [38]
aimed at improving binding characteristics of GAL to AChE.
In the following, we present the X-ray crystal structure, at 2.3
A resolution, of the GAL-T¢AChE complex.
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Fig. 1. GAL.

2. Materials and methods

2.1. Crystallization and data collection

TcAChE was purified and crystallized as described [36]. GAL was
purchased from Sigma (G1160, lot # 56H0191, hydrobromide form).
Three crystals of TcAChE were harvested and transferred to a drop
containing mother liquor and 10 mM GAL. After 2 days, they were
transferred to a second solution of mother liquor containing 20 mM
GAL. All work was done at 4°C. After 2 more days, a crystal was
transferred to oil, mounted in a cryo-loop, placed on the goniostat
and flash-cooled to 100 K in an Oxford Systems Cryostream. The X-
ray source was a Rigaku FR-C rotating anode running at 50 K'V/100
mA. Images were collected with a Rigaku RAXIS-IIC. Data collec-
tion statistics are summarized in Table 1. Data processing was carried
out with DENZO/SCALEPACK [39]. Data were truncated with the
CCP4 [40] program TRUNCATE, and a list of randomly generated
test reflections was added from a master list for the trigonal crystal
form of TcAChE using CAD and FREERFLAG. Reflections were
output with MTZ2VARIOUS to a format suitable for CNS.

2.2. Refinement

The protein was refined in CNS [41], initially by use of rigid body
refinement. Subsequently, difference maps (Fo—Fc) and 2Fo—Fc
maps were used to fit the GAL molecule, two carbohydrate moieties
and 93 water molecules (to 4.56). The initial electron density for the
inhibitor was unambiguous, as seen in Fig. 2. The program XtalView
[42] was used for all model building. The model used for GAL was
taken from the crystal structure ([43]; CSD code SIBHAM) of the
neutral compound. Individual B-refinement was carried out, followed
by simulated annealing (torsion dynamics mode [44]), followed again
by individual B-factor refinement. Inspection of positive peaks in dif-
ference maps to 40 showed an additional 51 water molecules, as well
as a continuous stretch of density near the top of the active site gorge
which was modeled as a PEG trimer. Inspection of the entire protein
resulted in a few minor changes to side chain positions outside the
area of the active site. The model was further refined by positional
maximum-likelihood minimization and by individual B-factor refine-
ment. The results are summarized in Table 2.

Table 1

Collection and processing statistics
Oscillation angle 0.5°
Total number of frames 72

Total number of reflections 215846
Resolution range 30-23 A

Number of unique reflections 43422

Redundancy 0 I 2 3 4 >5
% Reflection 1.3 20.8 47.1 24.8 5.0 1.0
Average redundancy (weighted) 3.1

Overall completeness 98.7%

Completeness in highest resolu- 97.1%

tion shell

Overall Rmerge 7.7%

Rpnerge in highest resolution shell 39%
(2.38-2.30 A)
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Fig. 2. Electron density map (Fo—Fc) from the GAL-TcAChE com-
plex after rigid body refinement. The map shows unambiguous den-
sity for GAL bound in the active site of the enzyme. Contouring
level is at 30, shown in thin blue lines. Only contours within 2.0 A
of the inhibitor are shown. GAL is rendered as a ball-and-stick
model, with carbon atoms colored green. Selected protein residues
are rendered as sticks, with carbon atoms colored yellow and la-
beled appropriately. The double bond of the cyclohexene ring in
GAL is indicated by the arrow (picture made with Xfit [42] and
Raster3d [54]).

3. Results

The overall mode of binding of GAL to TcAChE is shown
in Fig. 3. The inhibitor binds at the base of the active site
gorge, spanning the acyl-binding pocket and the choline-bind-
ing site, viz. the indole ring of Trp-84. There appear to be two
classic hydrogen bonds formed with protein atoms (Fig. 4).
One is between the hydroxyl group of the inhibitor and Glu-
199 O¢' (2.7 A). The hydroxyl group also interacts with two
water molecules. One water molecule (3.1 A) is that which is
bound in the oxyanion hole by the three NH groups of Gly-
118, Gly-119 and Ala201. It is also bifurcated with the oxygen
atom of the dihydrofuran ring of the inhibitor (3.1 A). A
second water molecule is 3.3 A away and interacts also with
Tyr-130 O" and Gly-117 N. The second possible hydrogen
bond to a protein atom involves the hydroxyl group of Ser-
200, whose hydrogen may be bifurcated between His-440 Ne2

Table 2
Refinement results
Resolution range 30.023 A
Number of protein atoms 4211
Number of non-protein atoms
Solvent (water, PEG) 144, 10
Carbohydrate atoms 28
Inhibitor 21
Rwork 21.3%
Riree (5% of reflections) 25.0%
rms bond deviations 0.017 A

rms angle deviations 1.8°
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Fig. 3. Stereo view of binding of GAL in the active site gorge of TcAChE. The solvent accessible surface of the protein (without waters and
without ligands) was calculated by use of the program MSMS [55] with a probe radius of 1.4 A. Only those parts of the surface within 9.0 A
of the bound inhibitor are visible, and the surface is 30% transparent, allowing visualization of some of the underlying protein residues. The
surface has also been clipped to reveal the interior side, and has been color-coded such that blue indicates those parts of the surface whose
underlying atoms are between 4.0 and 3.0 A from any atom of the inhibitor, and pink indicates distances of less than 3.0 A from the protein
atoms to the inhibitor. Only a small portion of pink surface is visible in this orientation, located below the O-methyl group of the inhibitor, in
the acyl-binding pocket. GAL has been rendered as a ball-and-stick model whose carbon atoms are colored green. Selected protein residues are
shown as stick models with yellow carbon atoms. Water molecules are red spheres, and the PEG200 trimer/tetramer is rendered as a ball-and-
stick model whose carbon atoms are colored pink (picture made with DINO [56] and rendered in POV-ray® [57)).

and the oxygen of the O-methyl group of the inhibitor. There
may also be a non-classical hydrogen bond between the N-
methyl group of the inhibitor and Asp-72 O% (3.4 A), since
the methyl group is expected to carry some of the positive
charge of the amine. The unexpected presence of a PEG mol-
ecule in the active site gorge gives rise to an interesting inter-
action between the terminal hydroxyl group of the PEG mol-
ecule and the tertiary amine of GAL (2.8 A). The terminal
hydroxyl group, in turn, forms an aromatic hydrogen bond
[45,46] with Phe-330. A water molecule could presumably ful-
fil the same role in the absence of PEG. The rest of the
interactions between the inhibitor and the protein appear to
be non-polar. This is particularly noteworthy, since the pro-
tonated tertiary amine group does not interact with Trp-84 or
Phe-330 analogously to the interaction which is believed to

we4

occur between the quaternary amine of the natural substrate
(acetylcholine) and the enzyme, and has been observed for a
number of inhibitors [36,47,48]. In fact, the nitrogen and its
three substituents are quite removed from Trp-84, the closest
approach being between Cl1 of the inhibitor and CY (3.6 A)
and C¥' (3.7 A) of the indole ring. The next methylene group
in the tetrahydroazepine ring (C12) makes three contacts with
the indole ring, and the rest of the interactions with Trp-84
involve the cyclohexene ring of GAL. The double bond in the
cyclohexene ring stacks against the T system of the indole ring
of Trp-84. Saturation of this double bond (to give lycoramine)
greatly reduces the binding affinity of the inhibitor (T. Lewis,
C. Personeni, unpublished results). On the opposite side of the
gorge, the O-methoxy group of GAL occupies the acyl-bind-
ing pocket, contacting Phe-288 and Phe-290.

Fig. 4. Stereo view of possible hydrogen bonds between GAL and T¢cAChE. The inhibitor is displayed as a ball-and-stick model, with green
carbon atoms. The protein residues are rendered as stick models with yellow carbon atoms (DINO/POV-ray).
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Fig. 5. (a) Comparison of GAL (left) with its iminium derivative
(right). This is the same structure as in Fig. 1, but drawn here to
show some of the stereochemistry. (b) GAL with N-linked phthali-
mide group using variable length alkyl chain. (c) Iminium derivative
of GAL with N-linked phthalimide group, as in (b).

4. Discussion

Initial inspection of the GAL-TcAChE complex does not
reveal any specific interactions which could account for the
tight binding observed. GAL is not a transition state ana-

H.M. Greenblatt et al./IFEBS Letters 463 (1999) '32]—326: .,
logue, which, of all the structures on the reaction coordinate,
bind most tightly to the enzyme [49]. Nor are there any
charge-charge interactions between the inhibitor and the en-
zyme. In fact, the only charged group in the inhibitor interacts
rather indirectly with residues of the protein (through a sol-
vent molecule to Phe-330, possibly via a methyl hydrogen to
Asp-72, and via a methylene hydrogen with the m system of
Trp-84). It must be assumed that the binding energy for GAL
comes from a number of smaller enthalpic contributions,
coupled to an unusually small entropic penalty. This latter
point arises from the rigidity of the molecule, which allows
the numerous interactions to occur with minimal loss of en-
tropy. A similar concept is utilized in the tight binding of
multisubstrate analogues ([50], see Fersht [51]).

Recent attempts to produce synthetic derivatives of GAL
with higher binding affinities [38] showed that conversion of
the tertiary amine to an iminium ion (See Fig. 5a) increased
the affinity for electric eel AChE (EeAChE) by 4.5-fold. In an
attempt to produce bifunctional ligands which would interact
with Trp-279 at the top of the gorge, a phthalimido group was
attached to the nitrogen (Fig. 5b), via alkyl spacers of varying
lengths. This had only a moderate effect on the 1Cs, with a
maximal decrease of 5.6-fold (four-carbon spacer), and a max-
imal increase of only 1.3-fold (eight-carbon spacer), relative to
GAL. Interestingly, a molecule combining both the iminium
and pthalimido (eight-carbon spacer) modifications (Fig. 5¢)
showed a 36-fold increase in affinity. The crystal structure of
GAL bound in the active site of TcAChE justifies the above
rationale for ereating bis-interacting derivatives, since the ni-
trogen atom is oriented up the gorge. This is in contrast to the
results obtained when attachment of the alkyl-phthalimido
functionality was via the hydroxyl group of GAL. The com-
pounds so obtained inhibit AChE approximately two orders
of magnitude more weakly than GAL itself. Since the ob-
served binding mode of GAL places the hydroxyl group in
an area of restricted volume, additions to this part of the
molecule would presumably force GAL to bind in a different
fashion. What is not apparent is why the iminium derivative
should be a better inhibitor than native GAL, since the latter
is presumably protonated at pH 5.6. One possibility is that the

Fig. 6. Stereo view comparing binding of GAL and huperzine A in the active site of T¢cAChE, showing the main chain conformational change
(Gly-117) associated with binding of huperzine A. GAL and associated protein residues are rendered as green stick models, while huperzine
and associated protein residues are rendered as thin pink stick models. Water molecules associated with the GAL structure are shown as red
spheres, while those from the huperzine structure are displayed as smaller pink spheres (DINO/POV-ray).
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planar geometry of the nitrogen atom allows closer interaction
of the N-methyl group with Asp-72, resulting in a stronger
hydrogen bond.

Another AD drug, huperzine A [36,52], shares common
binding characteristics with GAL (Fig. 6). Both molecules
have a bent hinge shape and, in both cases, the hinge is ori-
ented similarly when the ligand is bound to TcAChE. Both
molecules pack against the face of Trp-84 and make few direct
hydrogen bonds to the protein. Nevertheless, there are several
major differences in their binding modes. Thus, GAL does not
induce a main chain conformational change at Gly-117 as
does huperzine A. Moreover, the orientation of the side chain
of Phe-330 differs in the two complexes. Furthermore, the
primary amino group of huperzine A interacts much more
closely with the indole ring of Trp-84 than does the tertiary
amine of GAL. Finally, GAL does not exhibit the slow bind-
ing kinetics observed for huperzine A [53]. A partial answer to
the question of why GAL binds with a tightness comparable
to huperzine A, despite apparent lack of direct interaction
between the amine group and Trp-84, may lie in the fact
that GAL fills more of the active site volume, since it also
binds in the acyl-binding pocket. Furthermore, one of the
direct hydrogen bonds with the protein involves a charged
residue (Glu-199), which is not the case for huperzine A.

5. Conclusions

The structure of the complex of GAL and TcAChE shows
that GAL binds at the base of the gorge interacting with both
the acyl-binding pocket and the principal quaternary ammo-
nium-binding site, the indole ring of Trp-84. The high affinity
displayed by the inhibitor for AChE appears to come from a
number of moderate to weak interactions accompanied by a
low entropic cost owing to its rigid structure.
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The presence of a precisely aligned active-site triad (Ser-His-
Asp/Glu) in the threc-dimensional structures of widely different
hydrolytic enzymes has generated intense interest in the chemical
modus operandi of this catalytic motif." One hypothesis, which
has not received wide acceptance, proposes that the imidazole of
the catalytic His is mobile during enzyme function.? We solved
the structures of the phosphonylation and dealkylation (“aging”)
reaction products of acetylcholinesterase (AChE; EC 3.1.1.7) and
an organophosphorus (OP) inhibitor, O-ethyl-S-[2-[bis(1-meth-
ylethyl)amino]ethyl] methylphosphonothioate (VX) by X-ray
crystallography. The structures clearly demonstrate reversible
movement of the catalytic His. Moreover, the conformational
change apparently involves a hydrogen (H—) bond with a
glutamate (E199) which had becn implicated previously in OP
and substrate reactions.

Most serine hydrolases, including AChE, use a catalytic triad
and a dipolar oxyanion hole in tandem to catalyzc substratc
hydrolysis via an acylation—deacylation mechanism.? This two-
step mechanism is also a weakness, however, because it renders
the enzyme susceptible to stoichiometric inhibition by “hemi-
substrates” which react to form stable analogues of natural reaction
intermcdiates. Following phosphonylation of the active-site Ser
Oy, some OP-enzyme adducts undergo further post-inhibitory
reactions, including dealkylation, which result in truly irreversible
enzyme inhibition (collectively called “aging”) (Scheme 1).

Structures of the reaction products of Torpedo californica (Tc)
AChE with DFP, sarin or soman* after aging reveal that the OP
undergoes dealkylation to yield a stable anionic phosphonyl
adduct.® As reported previously for aged OP-serine proteases,®
the catalytic imidazole (H440) of TcAChE is positioned to form
H-bonds with its normal carboxylic acid partner (E327), and with
onc oxygen of the negatively charged phosphonyl moiety. Such
structures arc limited, however, because they reveal only the final
product (II) of the OP reaction. To overcome this limitation, we
employed VX. Although phosphonylation of AChE with VX is
rapid (>107 M~" min~!), the ethyl group of VX dealkylates
slowly, thus allowing us to solve the structurcs of both (I) and
(IT1) by conventional X-ray crystallography to 2.2 and 2.4 A
resolution, respectively.’

The most striking feature of the pro-aged VX—AChE structure
(I) was disruption of the catalytic triad due to movement of H440.
The H440 N was 4.5 A away from its resting statc partner, E327

* Author for correspondence. E-mail: limill@sgjs8. weizmann.ac.il. Present
address: U.S. Army Medical Rescarch Institute of Infectious Diseases, 1425
Porter Street, Fort Detrick, MD 21702-5011.
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Scheme 1. OP Reaction with Serine Hydrolases®
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“ The OP undergoes nucleophilic attack by a reactive Ser (represented
here by §200 Oy of TcAChE) assisted by a general base (probably H440
Ne2 for TcAChE) in the enzyme active site; the leaving group, X, is
expelled, and a stable tetrahedral adduct (X) is formed. The adduct can
undergo further reactions (“aging”); R is an alky! group that departs during
aging with some OPs, perhaps via a carbonium ion (R+). Prior to aging,
a properly positioned nucleophile (Nu:), such as an hydroxyl ion or oxime,
can catalyze slow dephosphonylation of I to regenerate free enzyme
(reactivation).

Oe, and within H-bond distance (2.7 A) of E199 Oe (Figure 1).
The observed uncoupling of the catalytic triad offers a new
explanation for the slow, often negligible spontaneous reactivation
of the VX—AChE adduct. Movement of the imidazole was
reversible, however, because the catalytic triad could be restored
by either: (1) dephosphonylation with a nucleophile (reactivation)
or (2) dealkylation of the VX O-ethyl group (aging). To confirm
that active enzyme could be regenerated from the alternate
conformation, VX—TcAChE crystals were dissolved in phosphate
buffer (pH 7.5), incubated for 20 h with 10 mM pralidoxime,
and AChE activity then measured.® Oxime-reactivated VX—
TcAChE was indistinguishable from native enzyme with respect
to substrate kinctics, corroborating that the H440 movement
caused by phosphonylation was reversed upon dephosphonylation.

Alternatively, if crystalline VX—TcAChE was allowed to age
completely (II), the H440 imidazole moved to a position close
to that found in native TcAChE. The aged adduct was essentially
identical to those solved previously for sarin or soman,’ and the
catalytic H440—E327 pair had reverted to its native conformation
(Figure 1).

Functional Significance for the Glu327—His440—Glu199
Array in AChE. Site-specific replacement of E199 with Q
reduces the rate constant for aging approximately 100-fold.”
Furthermore, the pH dependence of OP—AChE aging follows an
asymmetric bell curve with a maximum rate at pH 6, and three
apparent pK,’s which implicate two carboxylic acids (4.0—4.9)
and an imidazole (5.2—6.6).! Mechanistic hypotheses of the aging
rcaction, therefore, have centered upon the role of E199.!

The VX—TcAChE structures, obtained near the optimal pH
for aging, provide the first evidence that H440 is mobile in

(7) Coordinates and details of data collection and refinement are available
from the Protein Databank under accession codes 1vxr (pro-aged adduct) and
lvxo (aged adduct). Briefly, crystals of space group P3,21 were prepared in
PEG-200, pH 6.0, and data were collected at 100 K with synchrotron radiation
at Elletra, Trieste (1vxr) or Broohaven National Laboratory, NY (Ivxo). All
crystals were isomorphous with native TcAChE (2ace); see ref 5 and Sussman,
J. L.; Harel, M.; Frolow, F.; Oefner, C.; Goldman, A.; Toker, L.; and Silman,
1. Science 1991, 253, 872-879. The final R-factors were 18.9% (lvxr) and
19.4% (1vxo), and the free-R-factors were 23.0% (lvxr) and 23.4% (1vxo).

(8) The substrate was acetythiocholine and enzyme activity was measured
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A_; Doctor, B. P.; Maxwell, D. M.; Lenz, D. E; Radic, Z.; Taylor, P. Biochem.
Biophys. Res. Comnum. 1993, 197, 343—349.
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Figure 1. Structural kinetic of VX inhibition of TcAChE by X-ray
crystallography at pH 6.0. The active site of TcAChE is depicted with
possible H-bonds involving the catalytic triad and the OP moiety (broken
lines). Panel A (native structure) shows the active site, including the
catalytic triad (S200—H440—E327) and the oxyanion hole (—NH of G118,
G119, and A201). Note that two water molecules (WAT) are displaced
by the OP. Panel B (pro-aged structure): Phosphonylation triggers a
conformational change for H440 that disrupts the H-bond to E327; this
may be caused by steric crowding in the pentavalent phosphorus transition
state, or by re-distribution of charge on the H440 imidazolium during
phosphonylation. Note that E199 and a water (WAT) apparently stabilize
the alternate conformation of H440. Subsequently, the H440 imidazole
catalyzcs either dealkylation (aging), or spontaneous reactivation (Scheme
1). Panel C (aged structure): For reaction of AChE with VX and most
phosphonates, aging predominates, and dealkylation results in movement
of H440 to the negatively charged pocket formed by E327 Oe, S200 Oy,
and one anionic oxygen of the dealkylated OP.

phosphonate adducts of AChE and strongly suggest a cooperative
role for E199. It appears that the side chain of H440 rotates around

Communications to the Editor

its y1- and y2-angles to move between the carboxylic acids of
E327 and E199 (Figure I). A tripartite array, E327—H440—E199,
probably persists through much of the span of this motion; this
array may be a structural device for orienting the imidazole
according to the steric and electrostatic features of the ligand
bound to S200. Thus, we propose that the two VX—TcAChE
structures (pro-aged and aged) reveal the H440 imidazole trapped
in the extreme positions of a continuous, reversible path.

The AChE E199Q mutation was found to reduce k.,/K,, for
hydrolysis of optimal ester substrates by 10- to 100-fold,’ and
recent Brownian dynamics simulations have attributed this effect
partly to electrostatic stabilization of H440 by E199 during
acylation.'? In addition, Quinn and colleagues proposed a “cryptic
catalytic mechanism” that relies upon E199 during hydrolysis of
certain relatively slow-reacting carboxyl ester substrates.'* Al-
though we do not know yet if the mobility of H440 extends to
substrate reactions, the widely conserved presence of the E327—
H440—E199 array in divergent cholinesterases is consistent with
a role in carboxyl ester catalysis.

Comparison with Serine Proteases. The possibility of a
mobilc catalytic histidine in sclected serine protease reactions has
been demonstrated and discussed previously.”™'* The crystal
structure of diethoxyphosphorylated chymotrypsin (analogous to
I in Scheme 1) showed no movement of the catalytic His," but
reaction of a-lytic protease with a more selective phosphonate
substrate analogue showed a large movement of H57.'% Neverthe-
less, the prevailing view remains that the His-Asp/Glu pair is
H-bonded throughout catalysis, and most structures of serine
hydrolases bound to transition state analogue inhibitors support
this conclusion.

Structural differences in the active-site suggest to us that
TcAChE H440 has greater mobility than does the catalytic His
found in many serine proteases: (1) flexibility of the longer Glu
side chains in the E327—H440—E199 array of AChE should
facilitate a larger span of motion for the imidazole than is possible
with the Asp residue in the catalytic triad of serine proteases; (2)
the handedness of the serine protease triad is oppostte to that of
AChE, which places the Asp analogous to TcAChE E199 on the
opposite side of the OP and too far away to interact with the
catalytic His;'"* and (3) interatomic distances in the crystal
structures imply that many serinc proteases possess a stabilizing
H-bend between the catalytic His Cel and a nearby main-chain
carbonyl oxygen,'¢ but this distance is consistently too long for
an optimal H-bond in TcAChE.

The VX—TcAChE structures demonstrate that two buried acids
in an active-site quartet (Ser-His(-Glu)-Glu) modulate the catalytic
imidazole position during reaction with a rapid OP “hemi-
substrate.” Structural flexibility may underlie the biological
persistence of the catalytic triad motif, and offers a new hypothesis
for how AChE hydrolyzes such a wide range of substrates,
including bulky carboxyl esters, amides, carbamates and, to a
limited extent, OPs, in a sterically congested and buried active
site.

Acknowledgment. The work was supported by the U.S. Army
(agreements DAMDI17-97-2-7022 and 17-96-C-6088) and Minerva
Foundation, Munich.

JA9927041

(10) Saxena, A.; Viragh, C; Frazier, D. S.; Kovach, 1. M.; Maxwell, D.
M.; Lockridge, O.; Doctor, B. P. Biochemistry 1998, 37, 15086—~15096.

(11} (a) Bencsura, A.; Enyedy, 1. Y.; Kovach, 1. M. J. Am. Chem. Soc.
1996, /18, 8531—8541. (b) Shafferman, A.; Ordentlich, A.; Barak, D.; Stein,
D.; Ariel, N.; Velan, B. Biochem. J. 1996, 318, 833—840.

(12) Wlodek, S. T.; Antosiewicz, J.; Briggs, J. M. J. Am. Chem. Soc. 1997,
119, 8159—8165.

(13) Selwood, T.: Feaster, S. R.; States, M. J.; Pryor, A, N.; Quinn, D. M.
J. Am. Chem. Soc. 1993, 115, 10477—10482.

(i4) Bone, R.; Sampson, N. S.; Bartlett, P. A.; Agard, D. A. Biochemistry
1991, 30, 2263--2272

(15) Harel, M,; Su, C.-T.; Frolow, F.; Ashani, Y.; Silman, 1.; Sussman, J.
L. J. Mol. Biol. 1991, 221, 909—918.

(16) Derewenda, Z. S.; Derewenda, U.; Kobos, P. M. J. Mol. Biol. 1994,
241, 83—93.




2430 Biophysical Journal Volume 77 November 1999 2430-2450

.

c A M‘od'ular Treatment of Molecular Traffic Through the Active
Site of Cholinesterase
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ABSTRACT We present a model for the molecular traffic of ligands, substrates, and products through the active site of
cholinesterases (ChEs). First, we describe a common treatment of the diffusion to a buried active site of cationic and neutral
species. We then explain the specificity of ChEs for cationic ligands and substrates by introducing two additional components
to this common treatment. The first module is a surface trap for cationic species at the entrance to the active-site gorge that
operates through local, short-range electrostatic interactions and is independent of ionic strength. The second module is an
ionic-strength-dependent steering mechanism generated by long-range electrostatic interactions arising from the overall
distribution of charges in ChEs. Our calculations show that diffusion of charged ligands relative to neutral isosteric analogs
is enhanced ~10-fold by the surface trap, while electrostatic steering contributes only a 1.5- to 2-fold rate enhancement at
physiological salt concentration. We model clearance of cationic products from the active-site gorge as analogous to the
escape of a particle from a one-dimensional well in the presence of a linear electrostatic potential. We evaluate the potential
inside the gorge and provide evidence that while contributing to the steering of cationic species toward the active site, it does
not appreciably retard their clearance. This optimal fine-tuning of global and local electrostatic interactions endows ChEs with
maximum catalytic efficiency and specificity for a positively charged substrate, while at the same time not hindering clearance

of the positively charged products.

INTRODUCTION

Cholinesterases (ChEs) are a family of enzymes that fall
broadly into two types: acetylcholinesterase (AChE) and
butyrylcholinesterase (BChE). They are distinguished pri-
marily by their substrate specificity: AChE hydrolyzes the
natural neurotransmitter acetylcholine (ACh) faster than
choline esters with bulkier acyl chains; thus it is much less
active on the synthetic substrate, butyrylcholine (BCh). In
contrast, BChE displays similar activity toward the two
substrates (Chatonnet and Lockridge, 1989).

Vertebrates contain both AChE and BChE, which prob-
ably originate from the duplication of a single ChE gene
(Massoulié et al., 1993). Insects possess a single ChE gene
coding for an enzyme with a specificity intermediate be-
tween those of AChE and BChE (Massoulié et al., 1993;
Taylor and Radic, 1994), while in certain nematode species,
up to four ChE genes have been identified (Grauso et al.,
1998). The principal physiological function of AChE has
long been known to be termination of impulse transmission
at cholinergic synapses by rapid hydrolysis of ACh, but the
biological role of BChE is still an open question (Chatonnet
and Lockridge, 1989).

ChEs are able to catalyze the rapid breakdown of a
variety of esters, both cationic and neutral (Quinn, 1987).
The highest catalytic rate is displayed by AChE hydrolysis
of ACh, at a rate approaching the diffusion-controlled limit
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(Rosenberry, 1975b; Hasinoff, 1982; Bazelyansky et al.,
1986). This efficiency is a common characteristic of ChEs.
A tally of the bimolecular rate constants (k.,/Ky;) among
ChEs for their best substrates shows a spread of less than an
order of magnitude. Values range from 1.6 X 108M~ s
for hydrolysis of ACh by Electrophorus electricus AChE
(EeAChE) (Rosenberry, 1975a), to 4.0 X 10’ M~ s™" for
BChE hydrolysis of both ACh and BCh (Vellom et al,
1993).

Catalytic efficiency of ChEs for neutral substrates is also
very high. Values of k,/Ky, for hydrolysis by AChE of
ACh and of its neutral isoster 3,3-dimethylbutylacetate
(DBA) do differ by ~40-fold at physiological salt concen-
tration (Hasan et al., 1981), but there is evidence that the
hydrolysis of the thio analog of DBA is also diffusion-
controlled (Bazelyansky et al., 1986). Moreover, it has been
shown that BChE turns over o-nitrophenyl butyrate (o-
NPB) faster than it breaks down butyrylthiocholine (Masson
et al., 1997).

Studies of the pH and charge dependence of catalytic
hydrolysis of substrates and of binding of reversible inhib-
itors suggested that the active site of ChEs contains two
major subsites, the “esteratic” and the “aniomic” (Wilson
and Bergmann, 1950), corresponding, respectively, to the
catalytic machinery and the choline-binding pocket (Froede
and Wilson, 1971). The high bimolecular association con-
stants for cationic ligands and their ionic strength depen-
dence suggested a high charge density in the active site.
This led to the prediction that up to nine negative charges
were present in the “anionic” site (Rosenberry and Neu-
mann, 1977; Nolte et al., 1980). A second “anionic” site,
which became known as the “peripheral” anionic site
(PAS), was proposed based on binding of bis-quaternary
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. _ammonium compounds (Bergmann et al., 1950). Binding of
" ligands to the peripheral anionic site causes inactivation of

the enzyme, though the mechanism of inhibition is not clear.
It has been speculated that the PAS is involved in the
phenomenon of substrate inhibition and activation through
binding of a second substrate molecule. Its function may
involve either allosteric modification of the active site
(Radic et al., 1991; Shafferman et al., 1992; Barak et al.,
1995) or alteration of the traffic of substrate and products by
blocking access to the catalytic machinery (Berman and
Nowak, 1992; Haas et al., 1992; Schalk et al., 1992). In
addition, there is evidence for an involvement of the PAS in
functions distinct from catalysis. Recent studies have pre-
sented evidence for a role of the PAS of AChE in neurite
regeneration and outgrowth (Layer et al., 1993; Willbold
and Layer, 1994; Jones et al., 1995; Srivatsan and Peretz,
1997) and in the growth and differentiation of spinal motor
neurons (Bataillé et al., 1998).

Catalysis by ChEs occurs by a mechanism similar to that
of the serine proteases, via an acyl-enzyme intermediate. It
is assumed to involve a tetrahedral transition state produced
by nucleophilic attack on the substrate by a serine, followed
by general-base catalysis assisted by a histidine. The tran-
sition state subsequently collapses to the acyl-enzyme by
general-acid-catalyzed expulsion of choline (Quinn, 1987).
Solution of the three-dimensional (3D) structure of AChE
from Torpedo californica (TcAChE) (Sussman et al., 1991)
was followed by determination of the crystal structures of
several complexes of AChE with specific inhibitors (Harel
et al., 1993, 1995, 1996). Analysis of these structures, taken
together with systematic site-directed mutagenesis studies
(Radic et al., 1991, 1993; Shafferman et al., 1992; Barak et
al., 1995), has permitted identification of the key functional
residues in the active site and contributed to clarification of
their role in recognition of substrates and inhibitors. (A
comprehensive and updated list of references for cholines-
terase mutants can be obtained through the ESTHER server,
http://meleze.ensam.inra.fr/cholinesterase (Cousin et al.,
1997).) It has thus been possible to construct a picture of the
structural factors governing both the mechanism and spec-
ificity of ChEs. At the same time the data obtained have
given rise to a new set of still unanswered questions.

The structure/function relationships that have emerged
over the past seven years paint a picture of a family of rapid
enzymes specific for cationic substrates that have evolved to
very high catalytic efficiency by adopting some rather coun-
terintuitive solutions. The active-site serine of TcAChE,
$200, was unexpectedly found to be located near the bottom
of a 24-A-deep gorge, ~4.4 A wide at its narrowest point
and 8.0 A wide at its mouth. This serine forms a catalytic
triad with H440 and E327. [Residue numbers follow the
guidelines established at the 1992 OHOLO meeting, Eilat
(Massoulié et al., 1993). The numbering used is that of the
sequence of TcAChE. When species-specific numbers are
employed, the homologous position in TcAChE will follow,
printed in italics and appearing in parentheses.] Contrary to
the assumption of a concentration of negative charges
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within the active site (Nolte et al., 1980), no more than two
formal negative charges were found near the active site
serine (E199 and E443). In fact, the walls of the gorge were
found to be lined by the side-chains of 14 conserved aro-
matic residues (Sussman et al., 1991). In analogy to studies
of ACh binding to model hosts (Dougherty and Stauffer,
1990), it was suggested that the binding of ACh to the sites
within the gorge involved in substrate recognition is stabi-
lized by interactions between the quaternary ammonium
group of ACh and the 7 electrons of some of the conserved
aromatic residues of AChE. This hypothesis was confirmed
by inspection of the structures of complexes of AChE with
various quaternary inhibitors (Harel et al., 1993). Analysis
of the 3D structure of the complex of AChE with the
transition-state analog, m-trimethylammonium trifluoroace-
tophenone (TFK™), has highlighted the specific intermolec-
ular interactions between the substrate and the active site
that are responsible for the catalytic efficacy of AChE.
These structural data suggest that the particular active-site
configuration of AChE allows the enzyme to efficiently
sequester the acylation transition state in a preorganized
polar environment formed by the oxyanion hole, consisting
of the main-chain N-H dipoles, G118, G119, and A201, and
the side chains of key aromatic residues such as W84 and
F330 (Harel et al., 1996). This environment is able to
stabilize the catalytic transition state by providing it with
larger electrostatic stabilization than in the solvent and is the
basis of the catalytic power of the ChEs (Fuxreiter and
Warshel, 1998).

Inspection of the overall 3D structure of TcAChE re-
vealed a marked asymmetrical surface distribution of
charged residues. These residues were shown to segregate
roughly into a “northern” negative hemisphere, considering
the mouth of the gorge as the north pole, and a “southern”
positive one, giving rise to a large “dipole moment” roughly
oriented along the axis of the active-site gorge (Ripoll et al.,
1993; Tan et al., 1993; Antosiewicz et al., 1994; Felder et
al.,, 1997). The magnitude of this “dipole moment” was
estimated, by electrooptical measurements on Bungarus fas-
ciatius AChE (BfAChE), to be ~1000 Debyes (Porschke et
al., 1996). The biological significance of these unusual
electrostatic properties has been the subject of much con-
troversy. It has been suggested that the “macrodipole” might
act to steer cationic ligands to the mouth of the gorge
(Sussman et al., 1991; Tan et al., 1993), where they would
bind to the aromatic residues lining it and subsequently be
committed to moving down the gorge, toward the active
site, in a fashion similar to that of an affinity column
(Sussman et al., 1991). Calculations of the rates of encoun-
ter of charged ligands and substrates based on Brownian
dynamics (BD) simulations predicted that the electrostatic
properties of AChE would be responsible for a rate en-
hancement of up to 240-fold (Zhou et al., 1996). The
possibility of a large electrostatic steering effect on posi-
tively charged substrates has raised the question of the route
of clearance of choline (Ch), the cationic product of enzy-
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matic hydrolysis, which would seem to be trapped at the
bottom of the gorge by a strong electric field.

Molecular dynamics (MD) simulations have suggested
that an alternative route of access to the active site might
open via the concerted movement of residues W84, V129,
and G441 (Gilson et al., 1994), while a more recent MD
study has identified a number of “side entrances” to the
gorge, all involving concerted movements of a number of
side chains in the £} loop (C67-C92) of AChE (Wlodek et
al., 1997b). As yet, no simple and predictive model for the
clearance of the products of hydrolysis of ACh or BCh has
been introduced into the treatment of the molecular traffic
of substrates and ligands through the active site of ChEs.

The importance of electrostatic interactions in the steer-
ing of cationic substrates to the active site of ChEs was
challenged by a study of a series of mutants of human
recombinant AChE (hAChE), in which up to seven negative
residues around the outer rim of the gorge were neutralized,
thus substantially reducing the magnitude of the “macrodi-
pole,” without producing large changes in the second-order
hydrolysis rate constant (Shafferman et al., 1994). The
contradiction between data documenting the electrostatic
properties of ChEs and the apparent lack of correlation
between their experimental modification and a major cata-
Iytic effect has been the topic of various studies. An-
tosiewicz and co-workers (Antosiewicz et al., 1994,
1995a,b, 1996; Antosiewicz and McCammon, 1995) have
attempted to correlate the electrostatic properties of AChE
with the on rates for charged ligands and the second-order
hydrolysis rate constants. The picture emerging from their
work supports the existence of an electrostatic steering
effect in ChEs. Moreover, calculations performed by the
same group, on structural models of the mutants analyzed
kinetically by Shafferman et al. (1994), account for the
small changes in catalytic rates observed. This reconciles
the hypothesis of a role for electrostatics in accelerating the
encounter between the enzyme and reactive species with
experimental data that seemed to argue against it (An-
tosiewicz et al., 1995b). Nevertheless, these studies were
unable to strongly correlate experimental results with any
one particular aspect of the electrostatic properties of the
ChEs, since neither the total charge nor the dipole moment
fully accounted for the electrostatic steering of ligand to the
active site.

Calculations of the potential gradient along the axis of the
gorge and of its dependence on salt concentration have been
performed both for wild-type (WT) AChE of different spe-
cies and for a series of surface and active-site mutants
(Antosiewicz et al., 1995b; Wlodek et al., 1997a; Felder et
al., 1997). These calculations have revealed that AChEs
display a similar negative potential gradient, beginning sev-
eral angstroms outside the gorge entrance, and continuing
down the gorge toward the active site. This potential is not
correlated with ChE surface charge distribution, but is due
to a combined effect of the overall charge distribution in the
ChE molecule, including the effect of several a-helix di-
poles. The results of these studies suggest the existence of a
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long-range electrostatic interaction, attributable to this po-
tential gradient, that contributes to both the enhancement of '
encounter rates between cationic ligands and the catalytic
machinery buried at the bottom of the active-site gorge of
ChEs. Radic et al. (1997) have performed a detailed analysis
of the influence of electrostatics on the kinetics of ligand
binding to AChE. This study focused on the ionic-strength
dependence of the binding of reversible inhibitors to AChE
after neutralization, by site-directed mutagenesis, of anionic
side chains in the surface area around the entrance to the
active-site gorge, in the PAS and in the active center.
Comparison of the experimental data to BD simulations of
the on rates of the ligands revealed good agreement for
surface mutants, while predictions were less accurate when
some key residues in the PAS were neutralized. The results
were interpreted in the framework of two distinct types of
electrostatic interactions: the first, dependent on salt con-
centration, causing acceleration of the initial encounter rates
of cationic ligands with the enzyme, and the second, inde-
pendent of salt concentration, resulting in trapping of these
ligands by specific residues in the PAS or within the active
site. The presence of a trap for cationic ligands in AChE and
BCHE has been proposed in several other studies (Rosen-
berry and Neumann, 1977; Hasinoff, 1982; Hosea et al.,
1996; Masson et al., 1996, 1997), but no analytical and
quantitative treatment of the effect of a trapping surface on
the encounter rate of cationic ligands with the ChEs has
been advanced until now.

In the following sections we will present a model for the
molecular traffic of neutral and cationic ligands, substrates,
and products through the active site of ChEs, and we will
evaluate the contributions of electrostatic interactions to the
traffic of cationic species.

First, we will illustrate a common treatment for the dif-
fusion of both neutral and cationic ligands toward an en-
zyme characterized by a buried active site. Subsequently,
we will show how the specificity of ChEs for cationic
ligands and substrates can be treated by introducing two
additional modules to this common treatment:

1. A module that incorporates the effects of short-range and
ionic strength independent interactions between key res-
idues in the area of the entrance to the active-site gorge
and the quaternary ammonium moiety of cationic sub-
strates and ligands. This local module will be shown to
describe the effects of a putative trapping mechanism for
cationic species. The effect of this surface trap on the
enhancement of encounter rates between cationic ligands
and ChEs will be analyzed quantitatively by correlating
the electrostatic potentials in the area surrounding the
entrance to the active-site gorge with the experimentally
measured encounter rates of cationic ligands with ChEs.

2. A module that incorporates the effects of long-range and
ionic-strength dependent interactions. This global mod-
ule, which is shown to describe the steering of cationic
substrates and ligands to the gorge floor, can be analyzed
quantitatively by evaluating the overall electric potential

.
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around the entrance and within the active-site gorge and
its dependence on ionic strength.

The clearance of positively charged products and ligands
from the active-site gorge will be considered as analogous
to the Brownian migration of a charged particle out of a
one-dimensional box against an electrostatic potential linear
in distance along the length of the box. For neutra] mole-
cules, the value of this potential will be set to zero, while for
charged species we will introduce values of the gorge po-
tential either derived from experimental data or calculated
with the Poisson-Boltzmann equation (PB).

This modular approach will enable us to rationalize the
apparent paradox of electric fields, which act to steer cat-
lonic species toward the active site while at the same time
not hindering the clearance of positively charged products.
The results obtained wil] be used to discuss the mechanisms
involved in the emergence of the specificity of ChEs for
cationic substrates from the framework of an already very
efficient catalytic machinery for the hydrolysis of small
esters.

METHODS: ELECTROSTATIC CALCULATIONS
AND HOMOLOGY MODELS

We calculated the electrostatic potential along the active-site gorge of
ChEs, by solving the PB equation, to study the influence on gorge elec-
trostatic potentials of salt concentration and of the neutralization of a
number of key residues in the area of the surface cationic trap and in the
active-site gorge. The electrostatic calculations were performed on the
following enzymes (where crystallographic coordinates are available, the
PDB ID code will follow in parentheses): AChE from the following
species: Torpedo californica (TcAChE-PDB ID: 2ACE), mouse (mAChE-
PDB ID 1IMAH), Bungarus fasciatus (BfAChE), Drosophila melanogaster
(DmACHhE), and human (hAChE); and human BChE (hBChE). Where the
crystallographic coordinates were not available, homology models were
constructed. The residues to be mutated were chosen on the basis of their
presumed involvement in the recognition of cationic substrates and in the
contribution to the steering of cationic ligands toward the active site of
ChEs (Shafferman et al,, 1992, 1994; Radic et al.,, 1993, 1995; Barak et al.,
1995; Masson et al.,, 1996; Ordentlich et al., 1996). Three classes of
mAChE mutants, as shown in Table 1, were generated by homology
modeling from the respective WT structures. The positions of these mu-
tations on the 3D fold of ChE are illustrated in Fig. 1. In the first class,
based on the studies of Shafferman et al. (1994) and Radic et al. (1997), we
generated five mutant structures in which up to seven acidic residues on the
enzyme surface near the gorge entrance were neutralized. In the second and
third classes, the mutations focused on the modification of residues in the
area of the cationic trap and at the bottom of the gorge, respectively, to
analyze the correlation between local and overali electrostatic potentials
and the encounter rates of cationic ligands and substrates,

Construction of homology models

In brief, models were constructed by use of the automated knowledge-
based modcl-building tool resident on the Swiss-Model Server (Peitsch,
1996) (http://wwwlexpasy.ch/swissmod/SWISS_MODEL.html), employ-
ing 3D structures of TcAChE (PDB ID 2ACE, 1AC], IFSS) and mAChE
(PDB ID IMAH) as templates. The automatic procedure involved align-
ment of the sequence to be modeled with the template sequences, by
application of the BLAST algorithm (Altschu] et al., 1990). Regions of
sequence similarity were automatically selected and employed to build a
framework for the model structure. Missing loops were automatically

.
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TABLE 1 List of MAChE mutants employed in this study
mACHhE surface mutants

D275V (D280V)

D275V/D278N (D280V/D283N)

E82Q/E89Q/D275V/D278N (E84Q/E91Q/D280V/D283N)

E82Q/E89Q/D275V/D278N/D365N (ES4Q/E91Q/D280V/D283N/E372)

E82Q/E89Q/D275V/D278N/E285Q/D 365N (ES4Q/E91Q/D280V/D283N/
E292Q/E372N)

mAChHE trap mutants

D72N (D74N)
D72N/D275V/D278N (D74N/D280V/D283N)

mAChE gorge mutant

E199Q (E2020)

TcAChE numbering is employed. The MAChE numbering follows in
parentheses and italics.

constructed by searching the PDB database, employing either the best
fitting fragment corresponding to the sequence or a framework constructed
by the average of the five best fragments. The last step of the procedure
involved automated rebuilding of side chains, verification of the quality of
the model, and refinement of the final structure by energy minimization
and molecular dynamics. The models were then checked again manually,
and any missing part that was not successfully built automatically was
added manually as described previously (Felder et al., 1997).

Calculation of electrostatic potentials along the
active-site gorge

The electrostatic potential along the active-site gorge was calculated by
generating a string of dummy atoms at 1-A intervals along the gorge axis
(Fig. 1) and evaluating the electric potential for the position of each dummy
atom. The axis of the active-site gorge in the structures examined was

mass of atoms E73-CA, N280-CB, D285-CG, and 1333-0 (gorge en-
trance) (Antosiewicz and McCammon, 1995). The portion of the gorge
extending from the bottom to $200-0G was defined as the binding region
(~4 A long), and the remainder as the transit region (~20 A long). The
width of the gorge mouth was measured by taking the average of the values
of gorge radii originating from the center of mass of atoms E73-CA,
N280-CB, D285-CG, and L333-0 and intersecting the gorge rim at the CB
atoms of residues D72, W279, D273, and D365. To study the local
electrostatic potentials generated in the gorge by the residues involved in
the cationic trap, we defined a region of the gorge extending from its mouth
(as defined above) to a depth of 6 A. The value of the electrostatic potential
along this portion of the axis was then averaged and taken as a measure of
the local potential in the trap region.

The PB equation was solved by the finite-difference method (War-
wicker and Watson, 1982), using the QDIFFXS algorithm of version 3.0 of
DelPhi (Gilson and Honig, 1988; Honig and Nicholls, 1995). A grid of up
t0 90 A® was used. Calculations were performed, using an initial coarser
grid with a 35-A border and 1.45-A grid spacing and subsequently focusing
onto a second grid with a 10-A border and 0.89-A spacing. The internal and
external dielectric constants were fixed at values of 2 and 80, respectively.
Calculations were performed for salt concentrations of 5, 145, and 670
mM. The Stern ion exclusion layer was set at 2 A, and the dielectric
boundary between protein and solvent was constructed using a probe radius
of 1.4 A. Calculations were performed at 298.15 K and pH 7.0, using the
Parse partial atomic charge and radius set (Sitkoff et al., 1994). The
protonation states of the ionizable amino acids were assigned by exami-
nation of the solvent accessibility of their side chains in the 3D structure.

_-—
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FIGURE 1 Ribbon diagram of AChE showing the rel-
ative positions of the mutated residues. The axis of the
gorge is indicated by the yellow bar; the side chains of
the surface mutants aré colored in red; E199, at the
bottom of the gorge, is in green; and D72, the main
component of the cationic trap, is in purple.

On the basis of this analysis, all Glu, Asp, Lys, and Arg residues were set
to be fully ionized, and the average charge on the active-site H440 and on
all other histidines was set to Zet0 (M. K. Gilson, personal communica-
tion). Potential values are expressed in kT/e units (1 kT/e = 25.6 mV =
0.593 kcal/mol/e).

RESULTS AND DISCUSSION

Because our study focuses on providing a model for the
diffusive and binding events occurring before and after the
bond rearrangement and cleavage steps of catalysis, the
experimental parameters best suited for comparison with
our model are the on rates and binding constants (Kon and K;)
of transition-state analogs, whose magnitudes are dependent
only on the processes of diffusion and binding to the active
site of ChEs. The contributions of both long- and short-
range electrostatic interactions to the stability of the com-
plex formed between a charged transition-state analog and
AChE (or BChE) and to the on rate of the ligand can be
evaluated by comparing the values of K; and kop for the
charged species with those for a neutral isosteric ligand.
These results can then be used to segregate the contributions
of electrostatic interactions to molecular traffic from their
effect on the chemical steps of catalysis.

Peptidyl trifluoromethyl ketones have been used exten-
sively as transition-state analogs of various serine hydro-
lases (Imperiali and Abeles, 1986; Takahashi et al., 1988,;
Allen and Abeles, 1989b; Brady et al., 1989). In particular,
they have been employed to assess the role of global elec-
trostatic interactions in the stabilization of the catalytic
transition state of subtilisin BPN’ (Jackson and Fersht,
1993). A large body of Kkinetic evidence demonstrates that
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another series of trifluoromethyl ketones serves as transi-
tion-state analogs of ChEs (Allen and Abeles, 1989a; Nair et
al., 1993, 1994). The structure of the complex of the phenyl
trifluoromethyl ketone, TFK"*, with TcAChE has been
solved by x-ray crystallography, illustrating in detail the
structural interactions responsible for the tight binding of
this particular transition-state analog (Harel et al., 1996).
The effect of salt concentration and of the mutation of
residues D72, E199, and several negatively charged surface
residues on the K; of both TFK ™" and its isosteric neutral
analog, m—tertbutyltriﬂuoroacetophenone (TFKO) (Quinn et
al., 1995; Radic et al., 1995, 1997; Hosea et al., 1996), have
been measured.

Accordingly, the results of our calculations, presented in
the following sections, will be compared to experimental
data collected for TFK*, TFK®, and another ligand, N-
methylacridinium (NMA), which has been employed to
study the role of electrostatic properties in ChE catalysis
(Nolte et al., 1980).

Part I: Molecular traffic — diffusion

A common treatment for the diffusion of cationic and
neutral isosteric ligands to a buried active site points
toward two different limits for diffusion to the active
site of ChEs

In treating the diffusion of ligands and substrates toward
ChEs, we will employ the model described by Samson and
Deutch (1978). In this model, the enzyme 18 approximated
as a sphere, and the active site by a spherical cap. 1t focuses
on the effect of burying a reactive site on the inside of an
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enzyme, ziway from the surface and at the bottom of a
conical duct. The rest of the spherical surface, including the
walls of the duct, is considered to be inert. The relationship
between the actual 3D structure of AChE and the model is
shown in Fig. 2. The entrance to the active-site gorge
constitutes a cap on the surface of a sphere of radius R. The
gorge is modeled as a conical duct, characterized by an
opening angle, 9. The bottom of this duct is delimited by a
spherical cap of radius p, the surface of which includes the
catalytic machinery of the enzyme. We will ignore compli-
cations arising from hydrodynamic interactions and dy-
namic conformational changes of the enzyme. BD simula-
tions of the diffusion of a ligand to the active site of AChE
indicate that the influence of these effects on the diffusive
process is not very significant (Antosiewicz et al., 1995a;
Antosiewicz and McCammon, 1995).

The following expressions should permit evaluation of
the upper limit for the encounter rates of charged and
neutral ligands without postulating any special diffusive
mechanism for cationic species. According to Samson and
Deutch (1978), the rate constant for the encounter of a
ligand with the active site buried at the bottom of the conical
duct can be expressed as

k(9, s) = 4wDR %[1 — cos ﬁ][(EZ—S) + m(cos ﬁ)]_
(D

FIGURE 2 Schematic diagram of the model for diffusion of neutral and
cationic ligands and substrates to the active site of ChE. The spherical
model is superimposed on a slab view of TcAChE showing the active-site
gorge and the positions of D72 and of the catalytic serine, $200. The inner
and outer spherical caps are colored in red. The inner cap includes the
catalytic machinery of AChE, as can be seen by the position of S200.
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where s is given by p/R, D is the diffusion coefficient of the
ligand, and the function n(cos ) is given by the following
expression:

1 mI)l_l _PH-I
2 = (1 =+ 3 2 2 el

=1

2

where P, is the Legendre polynomial of order L

Let us then introduce numerical values for diffusion to
the active site of AChE of TFK™", of TFK®, and of NMA, a
charged ligand characterized by essentially the same diffu-
sion coefficient as TFK* and TFK? (Fig. 3 A).

A value of 32 A for the hydrodynamic radius, R, of AChE
is taken from the study of Antosiewicsz et al. (1995a). The
value of p can be estimated by subtracting the transit region
of the gorge (as defined in Methods) from the value of R,
and the value of & can be estimated by taking arctan (r/g),
where r is the radius of the gorge mouth as defined in
Methods, and g is the total gorge length. Inspection of the
crystallographic 3D structure of TcAChE and mAChE
yields values of 8 A for r and 24 A for g (of which 4 A
constitute the binding region and 20 A the transit region).
These figures result in a value of ~18° for & and 0.38 for
s (for an active site buried ~20 A deep in the center of a
protein of 32-A radius). If we assume that TFK*, TFK®, and
NMA are characterized by diffusion constants similar to
that of ACh, we can employ the value of D = 61.2 X 1077
cm?® s~ ! (Antosiewicz et al., 1995a).

Introducing the values for R, p, ¥, s, and D into Eq. 1
yields a value of k = 0.21 X 10° M™" s™" for diffusion of
these ligands to the active site of AChE buried ~60%
(p/R = s = 0.38) of the way down a conical duct of aperture
& = 20°. Values for k were calculated using the program
MATLAB (Version 5.1, 1998, Mathworks, Inc.). The val-
ues tabulated in Table 2 reveal a good agreement with
experimental values gathered for TFK®; but values for the
charged ligands, TFK* and NMA, are between 10- and
80-fold larger (depending on whether the data were col-
lected at very high or very low ionic strength, respectively).

Our guiding assumption for explaining the faster diffu-
sion of cationic species relative to their isosteric counter-
parts is that positively charged ligands and substrates will
diffuse in 3D until they reach a negatively charged area at
the entrance to the active-site gorge. This area will act as a
perfect sink for positively charged ligands, which will un-
dergo a reduction in dimensionality of diffusion from 3D to
1D (Adam and Delbriick, 1968) and be committed to travel
to the bottom of the gorge by a negative potential gradient.
Because each encounter with this trap will be productive, in
effect “raising” the buried active site to the surface, it can be
modeled as a spherical patch on the surface of the enzyme.
In the case of neutral isosteric ligands, which should neither
interact with the trapping surface nor be influenced by the
gorge potential gradient, an encounter will be considered
productive only if the ligand hits the spherical cap at the
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FIGURE 3 (A) Molecular structure

of the transition-state analogs, TFK ™ N-methylacridinium
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bottom of the gorge. Thus, even though the gorge may a ChE molecule for cationic ligands, s = 1, and the model
restrict the mobility of neutral species, they can effectively gives the following expression for the rate constant:
be considered to be searching for the buried active site as if

1
diffusion were taking place in 3D, because their diffusion is k(9) = 4mDR = [1 — cos 8)/m(cos 9) (3)
not facilitated by a surface trap or by the negative potential 2
gradient. Introducing the appropriate numerical values, we get

If we then assume a surface trap around the gorge area of 1.5 X 10° M~ ! s7! as the limit of diffusion for TFK* (or
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) TABLE' 2 éxperimental inhibition constants and on rates of TFK*, TFK®, and NMA and comparison with theoretical values

KoM sTh

K (10° M7 s

k‘};lnthcor (109 M~l S—l)

Enzyme K2 (10712 M) KA (10712 M
TFK™*
WT TcAChE* 0.002 ( = 5 mM) 0.033 (I = 600 mM)
WT mAChE? 0.001 ( = 0 mM) 0.01 (/ = 670 mM)

(D74N) mAChES
NMA

WT EeAChEY 1200 ( = 1 mM) 26000 (I = 125 mM)
TFK®

WT TcAChE* — 3.6 (I = 250 mM)

WT EeAChE! — 1.9 (I = 250 mM)

WT mAChE? 6.8 (I =0 mM) 3.1 (I = 670 mM)

(D74N) mAChES 5.6 (I = 0 mM) 5.6 (I = 670 mM)

0.14 ( = 0 mM)

1.0 (I = 670 mM)

80 ( = 5 mM) 3.9 (I = 600 mM) 1.5
6.0 (I = 125 mM)

16 (1 = 0 mM) 2.1 (J = 670 mM) 1.5

0.65 (/ = 0 mM) 0.10 (7 = 670 mM) 0.21%

6.3 =1 mM) 0.80 (I = 125 mM) 15
— 0.30 ( = 250 mM) 0.21
- 0.12 (I = 250 mM) 0.21

0.05 (/ = 0 mM) 0.08 ( = 670 mM) 0.21

0.07 (/ = 0 mM) 0.10 ( = 670 mM) 0.21

The superscripts © and ™ refer, respectively, to measurements performed at low and high salt concentrations. The superscrip

t 1eo" refers to theoretical values.

*Because neutralization of the charge on residue D72 results in abolition of the surface trap, the theoretical value is assumed to be one derived from Eq. (3).

#Quinn et al. (1995).
SRadic et al. (1997).
INolte et al. (1980).
INair et al. (1995).

NMA) toward a molecule of AChE characterized by a
surface trap with = 20°. As can be seen by comparing this
result with the values in Table 2, agreement with experi-
mental data is very good for on rates measured at high ionic
strength. The additional acceleration of diffusion that is
observed at very low ionic strengths is best explained by a
steering mechanism produced by long-range electrostatic
interactions arising from the global asymmetrical distribu-
tion of surface charges in ChEs (Ripoll et al., 1993; An-
tosiewicz et al., 1996; Felder et al., 1997).

On the basis of these observations, we can conclude that
there are two separate limits for the diffusion toward ChEs
of neutral and charged isosteric ligands. In the absence of a
steering mechanism generated by long-range electrostatic
interactions (as is the case when on rates for ligands are
measured at high salt concentration), cationic substrates are
characterized by a diffusion limit about one order of mag-
nitude larger than that for neutral isosters, and this effect is
achieved by means of a trapping surface at the entrance to
the gorge. As can be seen from the data in Table 2, at
physiological salt concentration steering effects contribute
only a 1.5-2-fold acceleration. Significant steering is
present only at very low salt concentrations, when long-
range contributions are strongest. Even then, the steering
effect is responsible for an additional increase in encounter
rates for cationic ligands of only one order of magnitude,
which is much lower than the 240-fold enhancement calcu-
lated on the basis of BD simulations (Zhou et al., 1996).

We can extend this treatment to the diffusion of cationic
and neutral isosteric substrates (Fig. 3 B). At high salt
concentration, in the absence of any steering effect, the
k../Ky values for ACh and BCh are 10-15-fold larger than
those for the neutral substrates, DBA, phenyl acetate
(PhAC), and o-NPB (Tables 3 and 4, column 6), and both
are about one order of magnitude smaller than the respective
upper diffusion limits for cationic and neutral ligands. If we
take the values of k_,/K), as reflecting the catalytic effi-

cat

ciency of ChEs toward these two classes of substrates, we
can say that the hydrolysis of both cationic and neutral
substrates approaches their specific limits of diffusion.

These findings lead us to conclude that ChEs are as
efficient in catalyzing the hydrolysis of neutral substrates as
they are in catalyzing the hydrolysis of their isosteric cat-
ionic counterparts. The emergence of specificity for cationic
substrates thus seems to arise via a mechanism geared to
speed up the diffusion of positively charged substrates to-
ward an already optimally efficient catalytic active site. This
enhancement of diffusion is accomplished primarily via a
surface trap whose effectiveness is independent of salt con-
centration, and secondarily through a salt-dependent steer-
ing effect. The manner in which they operate will be the
subject of the following sections.

Module I: a surface trap for cationic species operating via
short-range local interactions

Experimental evidence for the presence of a trapping sur-
face on ChEs and for a reduction in the dimensionality of
diffusion for charged reactive species comes also from a
study of the influence of viscosity on the catalytic efficiency
of EeAChE (Hasinoff, 1982), in which the dependence of
k../Kym on m*7 was interpreted as evidence for a reaction
governed by nonspecific binding of ACh to the enzyme,
followed by surface diffusion to the active site. A measure
of the radius of the trapping surface can be calculated by
introducing the value for the on rate of a ligand into the
following equation (Hasinoff, 1982):

ko, = 4TTNDR /1000 (4)

where R is the effective trap radius, N is Avogadro’s

number, and D is the diffusion coefficient of the ligand.
If we introduce into Eq. 4 the value for the diffusion

coefficient of TFK™ or NMA, and the on rates measured for
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these, ‘ligar'lds and AChE from various species at high salt
concentration, we get an average value for the trap radius of
~7.5 A, which is similar both to the mean radius of ~9 A
estimated in recent MD studies (Wlodek et al., 1997b) and
to our own estimate of ~8 A derived from the crystallo-
graphically determined structure of TcAChE (Sussman et
al., 1991).

Recent studies have suggested that a particular residue,
D72 (D74 in mAChE and hAChE, D70 in hBChE), might
contribute to the specificity of ChEs for cationic ligands by
a trapping mechanism (Hosea et al., 1996; Masson et al.,
1996, 1997). This residue is strategically placed near the top
of the active-site gorge (Fig. 1) and was identified as a
crucial component of the PAS (Shafferman et al., 1992;
Barak et al., 1995). Strong evidence in support of our model
comes from the observation that in mutant enzymes in
which the putative cationic trap has been removed by neu-
tralizing the charge on D72, on-rate values for cationic
ligands fall to the theoretical values for neutral ones (Table
2). In addition, at physiological salt concentration, kead K
values for cationic substrates closely approach the values
for neutral substrates when the negative charge on the side
chain of residue D72 is neutralized (Table 3, column 6).
These findings point to D72 as the major component of a
cation-specific trap at the entrance to the active-site gorge of
ChEs. Previous calculations comparing the D72N mutant to
WT ACHE revealed a small contribution of the negative
charge of the side chain of D72 to the overall potential
gradient within the active-site gorge (Felder et al., 1997).
This small contribution does not correlate with the drastic
reductions in both catalytic efficiency and in on rates for
cationic ligands produced by mutations in this position. BD
simulations of the on rates of cationic ligands have been
found to be in good agreement with experimental data, but
their predictions were significantly less accurate when res-
idue D72 was neutralized (Radic et al., 1997). However, we
find a good correlation between on rates for TFK™* and the
average potential in the gorge region corresponding to the
cationic trap, both for WT ACHE and for a series of mutants
in which the charge on D72 was neutralized along with the
charges on a number of surface residues, particularly D82
and D278 (Radic et al., 1997) (Fig. 4 A). Moreover, we also
find a good correlation between on rates for TFK" and
overall gorge potentials for surface mutants and for the
E199Q mutant, whose side chain is shown to contribute
significantly to the overall gorge potential (Felder et al.,
1997, Wlodek et al.,, 1997a) (Fig. 4 B). These findings
provide supporting evidence for our treatment of the accel-
eration of diffusion of cationic species as being composed
of the additive effects of a surface trap operating through
local short-range interactions, constituted by the side chains
of a few key residues, primarily D72, D82, and D278, and
of a long-range steering effect generated by the overall
gorge potential.

If we want to uncouple the effects of local short-range
interactions from the effect produced by long-range inter-
actions on diffusion rates, we must resort to systems in
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which the mechanism necessary for the recognition of pos-
itively charged substrates is maintained, while the contribu-
tion of the negative charge on D72 to the gorge potential has
been eliminated. It so happens that in all insect species
studied so far, the amino acid at the position equivalent to
residue 72 in TcAChE is a tyrosine (Toutant, 1989; Anthony
et al., 1995; Zhu and Clark, 1995). Site-directed mutagen-
esis studies on DmACHE in which Y109 (equivalent to D72
in TcAChE) was mutated to a glycine or a lysine showed
that such a mutation increased the Ky, for ACh by 10- and
100-fold, respectively, whereas mutation to glutamate had
no effect on Ky, (Mutero et al., 1992). We interpret these
results as evidence for a trapping mechanism for cationic
substrates and ligands mediated, in insect ChEs, by the
aromatic side chain of Y109 via local cation-r interactions.
The predictions made by our model are supported by a
comparison of the 3D structure of DmAChE, recently
solved in our laboratory (Harel et al., 1999) and that of
TeAChE, which shows the position of residue Y109 to be
almost identical to that of D72. We thus predict that the
D72Y mutant in Torpedo or other vertebrate ChEs should
retain most of its catalytic efficiency, and that any reduction
in catalytic efficiency resulting from the D72Y mutation
should be correlated with the corresponding small decrease
in gorge potential. Our assumption that an aromatic residue
can be as efficient as a negatively charged one in the
recognition of cations is corroborated by the following data:

1. Cation-7r interactions are predominantly electrostatic, in-
volving the interaction of the cation with the large,
permanent quadrupole moment of the aromatic ring
(Dougherty, 1996).

2. Gas-phase measurements of binding energy of cations to
benzene and to toluene have shown that in this phase a
cation would preferentiaily bind to an aromatic com-
pound rather than to water (Sunner et al., 1981).

3. In an aqueous environment, a pocket lined with the side
chains of amino acids such as Trp, Phe, and Tyr can
efficiently compete with full water solvation for the
stabilization of a positive charge, because of the sizable
quadrupole moment of the rings of aromatic residues
(Luhmer et al., 1994). The importance of cation-7r inter-
actions in the catalytic function of ChEs has been con-
firmed by a large body of structural (Sussman et al.,
1991; Harel et al., 1993, 1996) and kinetic (Ordentlich et
al., 1993; Radic et al., 1993; Nair et al., 1994; Barak et
al., 1995) data.

Modeling of the D72Y mutant of TcAChE shows that the
hydroxyl moiety of the tyrosine at position 72 is capable of
forming a hydrogen bond with Y121. It has been hypothe-
sized that the hydrogen bond between Y121 and D72 in WT
ACHE is required for maintaining the “functional cross-
talk” postulated for the transduction of allosteric signals
from the PAS to the catalytic center (Shafferman et al.,
1992; Barak et al., 1995). These considerations also provide
us with a rather straightforward test for the presence of such
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FIGURE 4 (A) Correlation between average potentials in the trap region and encounter rates for TFK™ at high (600 mM), physiological (145 mM), and
low (2 mM) salt concentrations. The potential values are calculated for WT mAChE and for the following mutants (the abbreviations used in the list on
the right of the figure are given in parentheses): D72N (D72N); D72N/D275V/D278N (72/275/278); E82Q/E89Q/D275V/D278N (4m); E82Q/ES9Q/
D275V/D278N/D365N (5m); E82Q/E89Q/D275V/D278N/E285Q/D365N (6m). (B) Correlation between overall gorge potential and encounter rates for
TFK™ at high (600 mM), physiological (145 mM), and low (2 mM) salt concentrations. The potential values are calculated for WT mAChE and for the
following mutants (the abbreviations used in the list on the right of the figure are given in parentheses): D275V (D275V); D275V/D278N (275/278);
E82Q/E89Q/D275V/D278N (4m); E82Q/E89Q/D275V/D278N/D365N (5m); E82Q/E89Q/D275V/D278N/E285Q/D365N (6m); E199Q (E199Q).
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crosthalk,l because replacing tyrosine with phenylalanine,
i.e., generating the D72F mutant, should have a disruptive
effect on signal transduction and reduce catalytic efficiency
significantly. Analysis of the kinetic properties of these
mutants is under way, and preliminary results show that the
Ky values of both D72Y and D72F mutants of TcAChE are
not significantly different from those of WT-TcAChE, thus
providing strong supportive evidence for our hypothesis. A
complete analysis of the catalytic properties of these mu-
tants, along with other mutants generated to study the role of
aromatic and charged residues inside the active-site gorge of
ChEs, is currently under way (S. A. Botti, E. Krejci, S. Bon,
D. M. Quinn, J. L. Sussman, I. Silman, and J. Massoulié,
manuscript in preparation).

Module Il: the potential gradient along the active-site
gorge is responsible for steering cationic species to the
active site of ChE

We now turn our attention to the second module of our
treatment: the long-range electrostatic steering effect. We
will discuss how this effect arises from the potential gradi-
ent along the gorge axis, which arises from the combined
effect of the overall charge distribution in the ChE molecule
and the contribution of several a-helix dipoles. Kinetic
studies have revealed both a marked reduction in the affinity
of AChE for cationic substrates and inhibitors (Mendel and
Rudney, 1943) and an increase in k., (Nolte et al., 1980;
Smissaert, 1981; Hofer et al., 1984), upon the addition of
inorganic salts such as sodium or magnesium chloride. The
dependence upon salt concentration has been ascribed to the
binding of inorganic cations to anionic sites (Taylor and
Lappi, 1975; Smissaert, 1981), to conformational changes
resulting from occupation of the PAS by metal ions (Chan-
geux, 1966), and to the screening of favorable electrostatic
interactions between the cationic substrate and the “anionic”
subsite in the active site of the enzyme (Dawson and Crone,
1973; Nolte et al., 1980; Hofer et al., 1984). Comparison of
the effects of monovalent and divalent ions on the activity
of AChE suggests a general screening effect of monovalent
cations, while it has been proposed that divalent cations
interact specifically with carboxylate groups present in the
active site (Hofer et al., 1984). The identification of a
putative binding site for Zn** in hBChE (Bhanumathy and
Balasubramanian, 1996) supports the notion of specific
binding sites for divalent cations in ChEs.

The potential gradient along the gorge axis and its de-
pendence on salt concentration have been calculated both
for WT TcAChE and for a series of surface and active-site
mutant models (Antosiewicz et al., 1995b; Felder et al.,
1997; Wlodek et al., 1997a). On the basis of these results, it
has been suggested that enhancement of encounter rates
between cationic ligands and the catalytic machinery buried
near the bottom of the active-site gorge is due to long-range
electrostatic interactions, attributable to the potential drop
along the length of the active-site gorge. Radic et al. (1997)
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recently analyzed in detail the influence of electrostatics on
the kinetics of ligand binding to AChE. Their study focused
on the jonic-strength dependence of the binding of ligands
to AChE after neutralization, through site-directed mu-
tagenesis, of the negative charges of residues in the active
site, in the PAS, and within a surface area around the
entrance to the gorge. Comparison of experimental on rates
for TFK* gathered on the surface and active-site mutants
revealed good agreement with BD simulations. However,
prediction of on rates after neutralization of the negative
charge of D72, which is considered to be a major compo-
nent of the PAS, was considerably less accurate. Radic et al.
(1997) interpreted their results by assuming two distinct
types of electrostatic interaction: one interaction, dependent
on salt concentration, brings about acceleration of the initial
encounter rates of cationic ligands with the enzyme, and a
second one, independent of salt concentration, results in
trapping of these ligands by specific residues within the
PAS.

Fig. 5 shows that the ionic-strength-dependent decrease
in electrostatic potential inside (and outside) the active-site
gorge is rather well correlated with the corresponding de-
crease in encounter rates of both NMA and TFK™ with
EeAChE, TcAChE, and mAChE (Nolte et al., 1980; Berman
et al., 1991). It thus seems reasonable to argue that this
correlation corresponds to the contribution to molecular
traffic of salt-dependent long-range interactions arising
from the global asymmetrical distribution of charges in
ChEs.

This argument is reinforced by the observation that neu-
tralization of seven negatively charged residues around the
entrance to the active-site gorge has only a small effect on
the potential gradient within the active-site gorge (Felder et
al., 1997), and that this small change is strongly correlated
with a concomitant small reduction in catalytic efficiency
(Shafferman et al., 1994). The overall potential difference
along the axis of the active-site gorge is similar for AChE of
different species and is ~20% smaller for hABChE, as shown
in Fig. 6. In this figure, it is interesting to note that the slope
of the potential gradient displays an inflection ~14 A from
the bottom of the gorge, in the neighborhood of D72, D82,
and D278. Antosiewicz et al. (1995b) pointed out that the
profile of rate constant versus depth of penetration inside
the gorge suggests a “choke point” in the same region,
beyond which the reactive species becomes committed to a
productive encounter. In DmAChE, where the residue ho-
mologous to D72 is a tyrosine (Y109), the inflection in
gorge potential is less pronounced than for vertebrate
AChEs. Our hypothesis is that this smaller inflection is due
to the contribution of conserved negatively charged residues
in DmAChHE (Felder et al., 1997), homologous to D82 and
D278, which constitute the secondary components of the
cationic surface trap. These considerations strengthen the
casc for a major role of D72, and secondarily of D82 and
D278, in the recognition of cationic substrates.
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Part II: quantitative treatment of the electrostatic
forces underlying ChE-ligand binding interactions

Contribution of electrostatic interactions to the binding of
transition-state analogs to ChEs

In the previous sections we showed that diffusion of cat-
ionic species toward the active site of ChEs is enhanced
both by a cationic trap, which operates through local short-
range electrostatic interactions, and by a steering effect that
emerges from the global asymmetrical spatial distribution of
charges in the ChE molecule. In this section we analyze the
contribution of a single positive charge to the stabilization
of the binding of transition-state analogs to ChEs, with a
treatment analogous to the one used in the previous sections.
Binding experiments have revealed a strong dependence
upon ionic strength of the K, of TFK™, which is not ob-
served for TFK® (Radic et al., 1997). Mutation studies have
shown that stabilization of the binding of both TFK™ and
TFK® is primarily due to short-range interactions between
W84 and the quaternary ammonium (fert-butyl) moiety of
TFK* (TFK®) (Radic et al., 1995, 1997), which take the
form of cation-7r interactions in the case of TFK™ and of
short-range London dispersion forces in the case of TFK®
(Nair et al.,, 1994). These studies show that binding of
TFK™* to the W86A (W84A) mutant of mAChE is ~1500-
fold weaker than binding to WT mAChE. In contrast, mu-

tation of E199 or E443 (near the gorge floor) results in only
a ~10-fold decrease in binding strength, and neutralization
of the negative charge on D72 (at the top of the gorge) in
only a 20-fold decrease. Moreover, only the mutation of
W84 affects the binding strength of TFK® to AChE (Radic
et al., 1995, 1997; Hosea et al., 1996). The primary role of
W84 in the binding of these transition-state analogs has
been confirmed by the solution of the 3D structure of the
complex of TFK™* and TcAChE (Harel et al., 1996), and we
can reasonably assume that the neutral analog, TFK®, would
bind in an analogous fashion.

Consequently, we can consider the overall “charge ef-
fect,” i.e., the added stabilization to the binding energy of
cationic transition state analogs for ChEs relative to their
neutral isosteric counterparts, to be composed of two inde-
pendent contributions, both electrostatic:

1. A global term arising from long-range electrostatic con-
tributions that are screened at high salt concentrations.

2. A local term that can be identified with cation-7 and
local, short-range electrostatic interactions between the
charged substrates and key binding residues, such as
W84, in the active-site gorge.

The difference in binding between TFK* and TFK® due
to the positive charge, which we shall term AAG ., can

»
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FIGURE 6 Electrostatic  potentials
along the gorge axis for ChEs. The po-
tentials were calculated for TcAChE,
mAChE, hAChE, DmAChE, BfAChE,

and hBChE.

Potential (kT/e)
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be calculated from the experimentally determined dissocia-
tion constants measured for WT mAChE and can be defined
as

AAGchargc = AGTFK‘L - A(;TFK0 (5)

With AGppg+ = —RTIn K, g+ and AGree = —RT In
K mrxe it follows that

AAGcharge = RT In (K; rexo/Ki 1pxc+) (6)

If we assume AAG,,,. to be the sum of all local interac-
tions between the quaternary ammonium (fers-butyl) moiety
of TFK* (TFK®) and the aromatic side chains in the acyl
binding pocket, and of global electrostatic interactions due
to the potential gradient within the active-site gorge, we can
express AAG g @S

AAG . = AAG, + AAGg )
in which
AAG, = AGy 1pg+ — AGy 10 ®)
and
AAG; = AGg g+ — AGg 1pgo ®

If we consider the major contribution to the local term to be
due to interaction of TFK* and TFK® with W84, we can
isolate the contribution to the global term by considering the
change in K, between WT AChE and the W84A. Although
it is possible that the W84A mutation may produce struc-
tural rearrangements, these should affect binding of both

----- o+ hBChE ——
—-4-- mAChE
==-0~- BfAChE
== hAChE [ ]
—%= TcAChE
~=~&-= DmAChE
I [
8 12 16 20 24 28 32

Distance from Gorge Floor (A)

TFK™* and TFK? similarly, so that the only effect measured
will be that produced by the difference in charge of the two
inhibitors.

In this case,

AAGG = AGygan rx+ — AGwsan texo

(10)
= RTIn(K; wgaa tex/K; WB4A TFK*)

The value of the contribution to the local term can similarly
be isolated and assessed by examining the difference in
binding energy between TFK" and TFK? at very high salt
concentrations, where the steering effect should be com-
pletely screened. In this case,

AAG, = AGygn trx+ — AGhigntrko 11)

= RTIn(K; high e+ K high TFKO)

We can safely assume the value of K; rgxo to be independent
of salt concentration because global electrostatic forces
should have little effect on TFK® (Quinn et al., 1995; Radic
et al., 1997).

If our assumptions are correct, the experimental data
gathered for these systems should yield values for AAG
and AAGg which, when summed, should give back the
experimentally measured value for AAG ;-

The validity of our assumption is shown in Table 5.
Substituting in Egs. 5, 10, and 11 the appropriate experi-
mental K; values for TFK* and TFKO, tabulated in column
1 of Table 5, yields values for AAG; of ~3.4 kcal/mol and
for AAGg of 0.4 kcal/mol for I = 0.145 mM and of 1.4
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TABLE 5 Experimental values of K; for TFK* and TFK® employed in the calculation of AAG parges AAGY, and AAG,

Enzyme K, TFK* (1072 M) K, TFK® (1072 M) AAG (kcal M™h)
WT TcAChE* 0.002 (I = 2 mM) 3.6 (I =2 mM) 4.3 (total)
WT TcAChE* 0.003 (I = 600 mM) 3.6 (I = 600 mM) 2.9 (locat)
WT mAChE* 0.001 ( = 2 mM) 3.6 (I =2 mM) 4.7 (total)
WT mAChE? 0.005 (I = 145 mM) 3.7 (I = 145 mM) 3.8 (total)
WT mAChE* 0.012 (/ = 670 mM) 3.6 (I = 670 mM) 3.4 (local)
(W84A) mAChE® 7.7 78 1.4-0.4 (global)
*Quinn et al. (1995).
#Radic et al. (1997).
$Radic et al. (1995).
kcal/mol for I = 0.02 mM. Substitution of these values in korex = vexp( — AG*/RT) (12.2)

Eq. 7 yields values for AAG qr Of 3.8 keal/mol and 4.8
kcal/mol, at physiological and low salt concentrations, re-
spectively, thus supporting our hypothesis.

Calculation of the potential inside the active-site gorge of
ACHE from AAG? values for the activated complex of
AChE with TFK™ and TFK®

Having established that measurement of the difference in K
between TFK™ and TFK® provides a powerful tool for
calculating the contributions of electrostatic interactions,
one can ask if the same tool can be employed to measure the
electrostatic potential within the active site, and if values so
obtained will be in agreement with the ones calculated by
solving the PB equation for the system in question.

In a recent study (Stauffer and Karlin, 1994), the electro-
static potential of ACh binding sites in the nicotinic ACh
receptor (nAChR) was measured by analyzing the rate con-
stants for the reactions of charged and neutral methaneth-
josulfonates with binding-site cysteines within the nAChR
in terms of absolute rate theory and Debye-Huckel theory,
which, together, can be used to obtain rate constants as a
function of the electrostatic potential, the charges of the
reactants, and the ionic strength of the solution (Laidler,
1965).

This treatment was applied to our system in an analogous
fashion. TFK™ and TFK® bind to ChEs by forming a
hemiketal adduct with the active-site serine, S200. Reaction
of either TEK* or TFK® with AChE (Quinn et al., 1995) can
be considered to take place according to the following
scheme:

on
E +1=—EI
k

off

Formation of the hemiketal adduct can be considered as
proceeding through a short-lived activated complex, EI*.
Transition state theory provides the relationship between
rate constants and free energies of the enzyme, the inhibitor,
their complex, and the activated binding state (Glasstone et
al., 1941):

Kontrx = v exp( — Ang/RT) (12.1)

where v is the vibrational frequency of the activated com-
plex in the degree of freedom leading to its decomposition,
and

(13.1)
(13.2)

AG}, =
AGiff = Gg:lt - G%I

G — GL+ GY

We can then apply the reasoning used in the previous
section to determine the contribution of global and local
terms t0 AAG yrge- @nd consider the global contribution of
long-range interactions separately from all other contribu-
tions, including nonelectrostatic interactions, which we will
bundle into the local term. In this case,

Ang = AC;(i)nL + AGinG (14)

The change in electrostatic energy due to the global term
can be expressed as the sum of the energies associated with
uncharging of the jonic atmospheres of the reactants, and
with charging of the jonic atmosphere of the activated
binding complex, so that

AG(imG = zrexF e + RT In(yee/(ve W) (15)

where sz, expressed in volts, is the electrostatic potential
due to E at the reaction radius at zero ionic strength; zrgg 18
the charge of TFK; vg, v, and gy are, respectively, the
molar activity coefficients of enzyme, inhibitor, and acti-
vated complex; and F is the Faraday constant. The first term
on the right is the electrostatic free energy for formation of
the activated complex in the absence of ionic atmospheres,
and the second term on the right is the difference in the free
energies of charging of the ionic atmospheres of the com-
plex and of the reactants.
Combining Eqs. 12, 14, and 15, we obtain, for TFK™Y,

In(kon trg+) = In(k,) — F. IRT (zrex s + In(yer/ 'YE'YI)) (16)

where kg, tex+ = V exp(AGE . /RT).
If we take the ratios between the on rates of TFK™ and
TFK®, we get the following expression:

In(kop trrc+/Kom TFK0) = In(ky, tric+/kL TFKO)

— FIRT (Zrpx+ e + In(ver/ve 'YI))
17

]
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or
RT In(kyy g/ Kon TRKR0) = AAng L

— Flzepg+the + In(y.pri/ve W)
(18)

where the long-range term will be contributed only by
TFK™, because TFK® binding is not dependent on long-
range electrostatic interactions.

Using an approach analogous to that used to calculate
AAG; in the previous section, we can calculate AAGE
from the ratio of on rates for TFK* and TFK® at very high
salt concentrations, where, as may be recalled, the global
interactions should be completely screened and the long-
range term for TFK™" can be considered negligibly small:

AAG, gnL = —RT In(k,, high 18K+ Kon high TFKO) (19)

Substituting Eq. 19 into Eq. 18, we get the following
expression:

RT In(koy ek +/kon Trxe) = RT In(k,, high FK+ Kon high TFKY) (20)

— Flzprg+ts + In(yer/ve W)

The dependence of the rate constant of TFK™ on the
electric potential is free of geometric assumptions. Its de-
pendence on ionic strength, however, is derived with a
number of simplifying assumptions, including spherically
symmetrical ions. Subject to these assumptions, and at the
limit of low ionic strength, we can express

log(y) = —Qz1"” 1)

where O = 1.826 X 10%(sT)*"?, ¢ is the dielectric constant,
and I is the ionic strength. At 25°C in water (¢ = 80), 0 =
0.51 M~ "2 thus combining Eqs. 20 and 21 and dividing by
RT, we get

log(kon ek +/Kon rx0) = RT log(k,, high LT TFK?) 22)
- O434F/RT(ZTFK‘~IIE + ZTFKZEIUZ)

for very low ionic strength the term Zrpr+zel 72 becomes
negligible, and we get (at 298.13K, 0.434 F/RT 17)

log (koon TrK+ koon rx0) = log(koy high rK+ Kon high TFKO) (23)
= 17zgpx e

which expresses the ratio of the on rates for TFK™ and
TFK® at very low ionic strength as a function of the elec-
trostatic potential in the gorge of AChE. As can be calcu-
lated by taking the appropriate values from column 4 of
Table 2, the electrostatic potentials inside the gorges of
TcAChE and mAChE are —80.4 mV and —71.2 mV, re-
spectively. These values constitute the upper limit of the
overall gorge potential at zero ionic strength and give a
value for AAG?  of ~1.6 kcal/mol, which can be consid-
ered to be the maximum contribution of global electrostatic
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interactions to the stabilization of the activated binding
state.

Potential values obtained by solving the PB equation
exceed the ones calculated from the above experimental
data by approximately fourfold (Felder et al., 1997; Wlodek
et al., 1997b). While both methods involve several approx-
imations, we are inclined to think that the methods using the
PB equation might overestimate the potential inside the
active-site gorge due to the inherent error involved in cal-
culating the field within very tight crevices such as the
active-site gorge, where the environment can be considered
neither fully solvated nor completely devoid of water
molecules.

Part lll: product clearance from the
active-site gorge

The electrostatic potential gradient inside the active-site
gorge of ChEs does not retard clearance of positively
charged products

One of the open questions concerning the mechanism of
molecular traffic through the active-site gorge of ChEs is
whether the effect of the electrostatic potential on the pos-
itively charged product of catalysis, choline (Ch), might be
so strong as to impede its exit and, if so, whether there
might be an alternative route for product traffic. The clear-
ance of the other products of ACh hydrolysis has not at-
tracted as much attention as that of their positively charged
partner. In the case of acetate and acetic acid, the anionic
and neutral nature of these molecules argues against an
electrostatic impediment to clearance through the gorge. In
the case of the proton, its clearance probably occurs either
via water molecules present in the gorge or via coupling to
the acetate jon (D. van Belle and S. Wodak, personal
communication), and no hindrance from the gorge potential
to its release has been suggested.

To establish whether the magnitude of the electrostatic
potential inside the gorge is sufficient to sensibly retard the
clearance of cationic species from the active site, we chose
to describe this process by treating the exit of Ch from the
gorge as a 1D escape from a well in the presence of a linear
potential (Fig. 7). Accordingly, Ch will be modeled as a
spherical particle with a single positive charge, and inter-
actions with the walls of the gorge will be ignored. The
gorge will be considered as a one-dimensional box, 20 A
long, filled with water (Fig. 7). The effect of an electrostatic
potential gradient on the rate of migration of a cationic
ligand can be modeled by calculating the mean escape time
(¢) of a particle in a 1D potential well. The value of (f) can
be derived as (Lifson and Jackson, 1962)

V- V() = —e*/D (24)

where D is the diffusion constant of the ligand, and ¢ =
—yi(e/kT) is a reduced dimensionless electrostatic potential,
where s is expressed in units of k7/e. Although not strictly
correct, we can assume for the present purpose the potential
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FIGURE 7 Schematic of the active-site gorge of AChE and model for
the escape of choline from a one-dimensional potential well. The potential
well is delimited by the green lines, and the bottleneck formed by F300 and
Y121 is indicated by the benzene rings midway up the gorge.

gradient inside the gorge to be linear in distance. Accord-
ingly, if L is the length of the gorge, the solution to Eq. (23)
is

() = (" — 1 = ¢L)/DY’ (25)

In the special case of ¢ = 0, and assuming a value of the
diffusion constant, D, for Ch equal to that of ACh (6.1 X
107% em? s71), we get

() =L%2D = (2.0 X 107" cm)¥2+ (6.1 X 10~ cm*s™%)

=33 X 107% (26)

In the case of the value that we calculated for the poten-
tial s at the bottom of the active-site gorge of 80 mV (which
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is ~3kT/e), Eq. 24 yields the following escape time?,
@ = (L¥2D)(2¢%/¢*) = (3.3 X 1077 s) X 2exp(3)/3*

=15%x107%s @7

This is ~4.5-fold slower than the calculated escape time in
the absence of the field. If it is assumed that varying the
field does not affect any chemical step in the enzymatic
hydrolysis, we can check the validity of our assumption by
inspecting the variation of k,, for ACh with salt concentra-
tion. It can be seen that at very low salt concentration, where
the steering effect should be felt most strongly, turnover is
just ~5 times slower than at 7 = 600 mM, when the effect
of the field should be completely screened by salt effects
(Table 6). Because the strength of the field inside the active
site gorge drops logarithmically with increasing ionic
strength, its influence at physiological salt concentrations
will be even less significant. From this result it can be seen
that the presence of an electrostatic steering mechanism
does not greatly influence the clearance of products from
the gorge.

We are aware that the model we are employing is ap-
proximate, and that a more detailed treatment should in-
clude the effect of a gate midway through the gorge, con-
stituted by residues F330 and Y121. Nonetheless, the
presence of F330 as a bottleneck in TcAChE (Y337 in
hAChE and mAChE) does not detract from our treatment,
because this residue is known to be flexible (Harel et al.,
1993). Moreover, in a recent MD study it was calculated
that even if a putative gate made by F330 and Y121 is open
for only 2.4% of the time, the transit of ACh will be slowed
by no more than twofold (Zhou et al., 1998). In addition, we
suggest that the aromatic side chain of F330 might play a
more active role in assisting the clearance of cationic prod-
ucts from the gorge. In the F330A mutant, while &, for
ACh is reduced, it is actually increased for its neutral
analog, DBA (Ordentlich et al., 1993). A possible explana-
tion for this observation is that substitution of a smaller side
chain at position 330 widens the gorge, thus permitting
faster traffic of the neutral product of DBA hydrolysis. In
the case of Ch, however, removal of the aromatic side chain
of F330 might destroy a shuttle-like mechanism for molec-
ular traffic mediated by cation-7 interactions between Ch
and F330, thus reducing the rate of product clearance.

Our analysis of the contribution of long-range interac-
tions to the binding of transition-state analogs of AChE

TABLE 6 Dependence on salt concentration of k.., and comparison with calculated escape times

Theoretical

Experimental
Potential (¢) @ (s) ko 7Y
0 kT/e = 0 mV toin = 3.3X107° k. 1.06 X 105 (I = 300 mM)* Kmax 0.58 X 10° (I = 500 mM)*
3.5 kT/e = —80 mv Loax = 13X107° Kmin 0.69 X 105 (I = 2 mMy* ki 0.20 X 105 = 5 mM)
Ratio fmax/tmin = 3.9 KaFmin = 4.3 Knalkimin = 2.9

*Nolte et al. (1980).
#Berman and Nowak (1992).
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permits us to estimate whether the magnitude of these
contributions might be sufficient to hinder the exit of Ch.
The value of ~0.4 kcal/mol at I = 145 mM contributed by
long-range electrostatic forces is close to the value of kT at
298.15K. Thus, it seems improbable that such a value would
drastically impede Ch from drifting out of the active-site
gorge by thermal diffusion. Ch is a noncompetitive inhibi-
tor, with K; =~ 1.5 mM at physiological salt concentration
(Wilson and Alexander, 1962; Krupka, 1963; Eriksson and
Augustinsson, 1979), and we can estimate the dissociation
rate constant, kg, from K, = kglky,. If kg, for Ch is
comparable to the values for TFK' and NMA, which are
around 10° M~! s7! for TcAChE, then kg will be ~10°
s™L. Thus, kg for Ch is larger than k,, (of which k. is a
component), which is in the range of 0.5-1 X 10* s™, by
two orders of magnitude. Moreover, at low salt concentra-
tions, k_,, values are decreased only by a fewfold, indicating
that the binding strength of Ch is not significantly increased
(Nolte et al., 1980; Hofer et al., 1984).

More evidence for the hypothesis that the potential gra-
dient inside the active-site gorge of ChEs does not appre-
ciably retard the clearance of positively charged products
comes from studies of the ionic strength dependence of
binding of TFK™ (Quinn et al., 1995; Radic et al., 1997).
These studies showed that kg for TFK™ is not dependent on
salt concentration. This finding can be viewed in light of the
fact that k,, and 1/K;, which are influenced by salt concen-
tration, depend, respectively, on the free energy difference
between the E + I state and the EI¥ state, and between the
E + I and the EI state. However, k¢ depends on the energy
difference between the EI and the EI* states. Inspection of
the free energy diagram displayed in Fig. 8 shows that if the
effect of the electric field on the energies of EI and EI* is of
the same magnitude, the free energy barrier for release of
the inhibitor will not be affected by the field. Hence, mask-
ing of the field by increasing salt concentration will have
little influence on k.

There is some evidence pointing to the existence of
alternative pathways for molecular traffic of substrates and
products. A conformation for an open “back door” was
suggested by molecular dynamics calculations (Gilson et
al., 1994). However, a series of site-directed mutagenesis
studies challenged this hypothesis by showing that muta-
tions engineered to close the “back door” had little or no
effect on the catalytic activity of AChE (Kronman et al.,
1994; Faerman et al., 1996). Nonetheless, recent MD stud-
ies have revealed a number of possible alternative passage-
ways to and from the active site (Wlodek et al., 1997b), and
a MD study of the clearance from the gorge of acetic acid
and acetate has identified a passageway for their release
competing with the main entrance to the gorge (Enyedy et
al., 1998). Furthermore, inspection of the crystal structure of
TcAChE carbamoylated by the physostigmine analog 8-(cis-
2,6-dimethylmorpholino)octylcarbamoyleseroline has  pro-
vided indirect experimental evidence for a “back door” (Bar-
tolucci et al., 1999). In addition, a study on the binding of
TFK* and TFK® to the complex of AChE with the PAS
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FIGURE 8 Free energy diagram for binding of TFK* to AChE in the
presence and absence of an electrostatic field in the active-site gorge. AG
is the total free energy difference between the E + I state (free enzyme and
inhibitor) and the EI complex. AG?_ is the free energy difference between
the E + 1 state and the activated binding state EI¥, and AGY is the free
energy difference between the EI complex and activated binding state EF.
The subscripts “field” and “free” refer, respectively, to the presence or
absence of an electric field within the active-site gorge, and the difference
in free energy due to this field is indicated by AG,,.. It can be seen that if
AG.,,. is the same for the EI* state and for the EI complex, AGky . =

AGD?; aag Comsequently, kog, which can be expressed as ke = v exp

(—AG?/RT), according to transition state theory, will not be affected by
the presence of an electric field within the gorge (Quinn et al., 1995).

inhibitor fasciculin II (FAS), a three-fingered polypeptide toxin
from the venom of the green mamba (Karlsson et al., 1984),
showed an increase in on rates for both TFK™* and TFK® but
diminished inhibition when W84, whose side chain is assumed
to form a major part of the “back door,” was mutated to Y, F,
or A (Radic et al., 1995). FAS has been shown to bind in a
“cork-and-bottle fashion” to the entrance of the active-site
gorge of AChE (Bourne et al., 1995; Harel et al., 1995). The
surface complementarity between enzyme and inhibitor is very
large; ~2000 A? of accessible surface is buried upon binding,
and analysis of the accessible surface of the FAS-AChE com-
plex shows that the route to the bottom of the gorge is blocked
even for a 1-A-radius probe.

From the above considerations, it can be concluded that
side doors may exist in AChE, but rather than functioning as
necessary exits for products, they might function as alter-
native routes for molecular traffic that are unmasked only
when the principal pathway through the gorge is obstructed.

CONCLUSIONS

We have described a modular treatment for diffusion to and
clearance from the active site of ChE and have estimated the
contribution of a positive charge to the stabilization of the
activated binding state of transition-state analogs for ChEs.
Our model shows that diffusion of charged ligands relative
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to neutral isosters is enhanced by ~10-fold, because of a
surface trap for cationic ligands. A steering ﬁlecl}anis_m
contributes a maximum of 20-fold to rate enhancement at
low salt concentration, but only about twofold at physio-
logical salt concentration. We identify D72 as the primary
component of the surface trap, and residues D82 and D278
as supplementary components. The maximum contnbutlon
of a positive charge to the binding energy is calculated to be
~4.7 keal M7, of which ~1.3 kcal M ™! can be attributed
to long-range electrostatic contributions, and ~3.5 kcal
M™! to short-range electrostatic interactions. Employing
absolute rate reaction theory, we calculate the electrostatic
potential at the binding-site to be ~80 mV at zero ionic
strength. The clearance of cationic products from the active-
site gorge is considered as analogous to the escape of a
particle from a 1D well in the presence of a linear potential.
Our calculations and experimental data show that clearance
of Ch via the main entrance of the gorge is not hindered by
the active-site potential, and while alternative routes to the
active site may exist, they do not seem to be required for
optimal catalytic function of ChEs.

These findings allow us to hypothesize that ChEs may
have evolved from an ancestor whose efficiency for hydro-
lyzing esters already approached the theoretical limit, as this
property is still evident in the very efficient cleavage of
neutral esters. The optimal catalytic efficiency of this puta-
tive ancestor was possibly due to the burying of the transi-
tion state in the heart of the protein, providing it with a
preorganized polar environment (Fuxreiter and Warshel,
1998). The penalty paid for this arrangement is that diffu-
sion to the active site is not as fast as that to a shallow cleft
on the surface of the protein.

Our contention is that acceleration of diffusion for cat-
ionic esters in ChEs arose by evolution of two additional
modules. The first module is a surface trap for cationic
substrates at the entrance to the gorge, operating through
short-range electrostatic interactions, whose effect is to raise
the theoretical limit of diffusion to a buried active site by an
order of magnitude. The second module is a steering effect
by means of long-range electrostatic interactions, giving
charged substrates an added edge of about one additional
order of magnitude, with minimum hindrance to the molec-
ular traffic of substrate and products. Optimal flow of sub-
strates and products is ensured by the aromatic residues
lining the gorge, which constitute a series of binding sites
for quaternary ammonium moieties. These binding sites
provide a method of orientation and stabilization of the
substrate in the active site and possibly a shuttle-like mech-
anism for the clearance of products. Molecular “traffic
jams” are averted by the affinity of these binding sites,
because the strength of the cation-r interaction is strongly
dependent on the mutual orientation of the groups involved
and decreases sharply with distance. B

The work we have presented shows that, in ChEs, max-
imum catalytic efficiency and specificity for a positively

charged substrate are achieved by an optimal fine-tuning of

long- and short-range electrostatic interactions, while at the
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same time striking a balance so that the electric potential
inside the active site does not hinder the clearance of the
positively charged product of the reaction.
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ABSTRACT: Organophosphorus acid anhydride (OP) nerve agents are potent inhibitors which rapidly
phosphonylate acetylcholinesterase (AChE) and then may undergo an internal dealkylation reaction (called
“aging”) to produce an OP-enzyme conjugate that cannot be reactivated. To understand the basis for
irreversible inhibition, we solved the structures of aged conjugates obtained by reaction of Torpedo
californica AChE (TcAChE) with diisopropylphosphorofluoridate (DFP), O-isopropylmethylphospono-
fluoridate (sarin), or O-pinacolylmethylphosphonofluoridate (soman) by X-ray crystallography to 2.3, 2.6,
or 2.2 A resolution, respectively. The highest positive difference density peak corresponded to the OP
phosphorus and was located within covalent bonding distance of the active-site serine (S200) in each
structure. The OP-oxygen atoms were within hydrogen-bonding distance of four potential donors from
catalytic subsites of the enzyme, suggesting that electrostatic forces significantly stabilize the aged enzyme.
The active sites of aged sarin- and soman-7cAChE were essentially identical and provided structural
models for the negatively charged, tetrahedral intermediate that occurs during deacylation with the natural
substrate, acetylcholine. Phosphorylation with DFP caused an unexpected movement in the main chain of
a loop that includes residues F288 and F290 of the TcAChE acyl pocket. This is the first major
conformational change reported in the active site of any AChE—ligand complex, and it offers a structural
explanation for the substrate selectivity of AChE. .

Acetylcholinesterase (AChE!) is an especially efficient
serine hydrolase that catalyzes the breakdown of acetylcho-
line (ACh) at cholinergic synapses (reviewed in ref 7). The
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! Abbreviations: ACh, acetylcholine; AChE, acetylcholinesterase
(EC 3.1.1.7); ATCh, acetylthiocholine; BChE, butyrylcholinesterase (EC
3.1.1.8); BTCh, butyrylthiocholine; DFP, diisopropylphosphorofiuori-
date; Hu, human; MeP-, methylphosphonylated; MES, (2-[N-morpholi-
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Scheme 1: Reaction of AChE with a Natural Carboxyl
Ester Substrate, Such as ACh?
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a The scheme begins with the reversible enzyme—substrate complex
and ends with free enzyme. The enzyme’s catalytic general base,
probably Ne2 of His440, is depicted as :B, and the first product is
depicted as ROH (choline in the case of ACh). The top panel shows
acylation and the lower panel shows deacylation. For both reactions,
the carbonyl carbon is expected to proceed from its planar geometry
to a tetrahedral intermediate with an asymmetric negative charge
distribution (depicted in brackets) during nucleophilic attack. Note that
the theoretical deacylation TI for AChE is expected to resemble the
aged OP-AChE conjugate (depicted in Scheme 2).

reaction of AChE with carboxyl ester substrates, including
ACH, is believed to proceed through an unstable tetrahedral
intermediate (TT) before collapsing to a short-tived (2 ~50
us) acetyl-enzyme (2) (Scheme 1). The acetyl-enzyme
subsequently undergoes nucleophilic attack by water, passing
through a second TI, and the regenerated enzyme is expelled
as the leaving group (deacylation). The two-step catalytic

10.1021/bi9826781 CCC: $18.00 © 1999 American Chemical Society
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" "Scheme 2: Reaction of AChE with a Phosphonate Nerve
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4 The scheme begins with the reversible enzyme-OP complex and
ends with irreversibly inhibited aged enzyme. The phosphylation leaving
group is depicted as X (fluoride ion in the case of soman, sarin, or
DFP); the enzyme’s catalytic general base, probably Ne2 of His440, is
depicted as :B; R is a branched alkyl group; and R+ is a hypothetical
carbonium ion which reacts in water to yield primarily the alcohol
product, ROH (9). The top panel shows phosphylation, and the lower
panel shows dealkylation (aging). Phosphonylation is expected to occur
via a trigonal bipyramidal intermediate (depicted in brackets in the upper
panel), or a transition state resembling such a structure, with inversion
of stereochemistry at P. For reaction of AChE with DFP, an -OiPr
group replaces the -CH; bonded to P.

mechanism renders AChE susceptible to rapid, stoichiomet-
ric, and essentially irreversible inhibition by a class of
organophosphorus acid anhydride (OP) inhibitors, typified
by diisopropylphosphorofluoridate (DFP) and the phospho-
nate nerve agents, which can act as “hemisubstrates” to trap
the enzyme in a structure that closely resembles the
negatively charged deacylation TI (3) (Scheme 2).

Unlike the intermediates formed with carboxyl esters, the
OP-enzyme persists for many hours or days (reviewed in
ref 4). Slow hydrolysis has been explained by steric
exclusion; the active-site histidine (H440) is not positioned
to carry a water molecule to the correct face of the
phosphorus required for nucleophilic attack (5, 6). It also
has been proposed that H440 is rendered ineffective as a
general base because the imidazolium forms an unproductive
hydrogen bond with an oxygen atom of the OP (7).

After phosphylation? of the active-site serine, some OP-
AChE conjugates undergo post-inhibitory reactions, col-
lectively called “aging”, which result in truly irreversible
enzyme inhibition (Scheme 2). The best-characterized aging
reaction is that of AChE inhibited by DFP, O-isopropylmeth-
ylphosponofluoridate (sarin), or O-pinacolylmethylphospho-
nofluoridate (soman). These inhibitors possess a branched
alkyl group (Figure 1) which has been proposed to undergo
dealkylation by a carbonium ion mechanism, thereby adding
a formal negative charge to the active site of phosphylated
AChE (8, 9).

The X-ray crystallographic structure of Torpedo califor-
nica (Tc) AChE (10) and computer-based homology models
of human (Hu) AChE (/1) and the closely related serum
enzyme butyrylcholinesterase (BChE; refs /2, 13), combined
with site-directed mutagenesis studies, have permitted tenta-
tive identification of the specific amino acid residues which
constitute several catalytic subsites, including an “oxyanion
hole” (14), a hydrophobic acyl pocket, and a trimethylam-

2 The term “phosphylated” denotes phosphorylation and phospho-
nylation reactions without distinction.
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FIGURE 1: Chemical formulas of the OP inhibitors (non-hydrogen
atoms).

monium (choline) binding site (reviewed in ref 15). Direct
demonstration of these subsites with natural substrates has
not been achieved because of the inherent instability of the
intermediates that form during carboxyl ester hydrolysis. Our
goal was to solve the three-dimensional structures of aged
phosphylated TcAChE as a means of (1) understanding the
forces that oppose reactivation (dephosphylation) of the OP-
enzyme, and (2) providing structural models for the deacyl-
ation TI of carboxyl ester hydrolysis which could validate
the topography of the AChE active site.

MATERIALS AND METHODS

Enzyme Purification and Characterization. TcAChE was
purified as described (76), and the steady-state constants for
its reactions with acetylthiocholine (ATCh), butyrylthiocho-
line (BTCh), and DFP were measured using previously
described methods (17, 18). Briefly, the catalytic activity was
determined for substrates ATCh and BTCh by the spectro-
photometric method of Ellman (19). Substrate Michaelis
constants (K,,) and catalytic rate constants (k) were derived
from Lineweaver—Burk plots and from direct nonlinear curve
fitting of the rate equation. The steady-state dissociation
constant (K4) and phosphorylation rate constant (k) for the
reaction of DFP with TcAChE were measured by monitoring
continuous inhibition curves in the presence of excess
substrate (ATCh) (8, 20). All kinetic experiments were done
in 50 mM phosphate buffer, pH 8.0, 24 °C.

Crystallization of OP-TcAChE Conjugates. Purified TcAChE
was inhibited with DFP, sarin, or soman.? DFP and sarin
were used at 300-fold molar excess to enzyme, and soman
was used at 2100-fold molar excess. The aging reaction
proceeded to >95% completion; aliquots of the OP-TcAChE
conjugates could not be reactivated by 20 h incubation with
either 10 mM pyridine-2-aldoxime methiodide or 1,1’-
trimethylene-bis(4-formylpyridinium bromide) dioxime. Un-
bound OP was removed by gel filtration before the crystal-
lization experiments.

OP-TcAChE conjugates were crystallized in hanging drops
by the vapor diffusion method. Protein crystallized at a
concentration of 10 mg/mL from a precipitating solution of
35—40% w/v PEG-200 (Sigma Chemicals, St. Louis, MO)
in 0.15 M MES buffer, 0.05 M NaCl, pH 5.8—6.0 at 4 °C.

3The OP inhibitors are extremely toxic; sarin and soman were
handled according to established regulations governing chemical warfare
materials.
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Table 1: Kinetic Constants for Reaction of ATCh, BTCh, or DFP with TcAChE, HuAChE, or HuBChE“ ,

substrate hydrolysis
(kea/Km) x 1078 (M~ min™!) DFP inhibition
ATCh BTCh ki x 1074 M ~'min™1) k (min™") Ki (uM)
TcAChE 46 4 5 0.10 £ 0.01 20+0.1 1.5+05 70 £ 20
HuAChE? 30L£4 0.30 £ 0.05 5.0+0.1 0.6+0.1 13£2
HuAChE F295L/F297V¢ 22403 1443 800 £ 60 0.8+£0.1 0.10 + 0.02
HuBChE? 34405 7+£1 1660 + 50 1.0£0.2 0.06 + 0.01

a Each value is the mean =+ standard error of at least four repetitions.  Recombinant, wild-type HuAChE expressed in 293 embryonic kidney
cells (17, 18). “ HuAChE mutant in which the acyl pocket residues corresponding to F288 and F290 in TcAChE have been replaced with those
found in the sequence of HuBChE (17, 18). ¢ Recombinant wild-type HuBChE expressed in 293 cells.

Although suitable crystals appeared spontaneously after 5—10
days, their quality was improved by seeding with microscopic
crystalline fragments.

X-ray Diffraction and Data Processing. The exterior
mother liquor that surrounds the crystals during their growth
was exchanged with high-viscosity motor oil (Exxon,
Houston, TX), and the crystals subsequently were flash-
cooled in liquid nitrogen (21). X-ray diffraction data were
collected at 100 K. Data for the DFP and soman conjugates
were collected at the Weizmann Institute of Science using a
Rigaku rotating anode FR300 (50 mA, 50 kV) source (4 =
1.54 A) with a Rigaku Raxis-II detector. For the sarin
conjugate, data were collected using the U.S. National
Synchrotron Light Source at Brookhaven National Labora-
tory on beamline X12C (4 = 1.1 A), with a 2 x 2 Brandeis
charge-coupled device detector. Data collection parameters
were optimized using the computer program STRATEGY
(22), and intensity data were processed with DENZO and
SCALEPACK (23).

Model Refinement. The 2.5 A structure of native TcAChE
(2ace in the Brookhaven Protein Data Bank, PDB) (24) was
used to obtain the initial models by rigid-body refinement
and simulated annealing (25). The solvent, carbohydrate, and
OP atoms subsequently were built into (F, — F) electron
density difference maps. All three structures were refined
by a combination of simulated annealing and torsion angle
molecular dynamics with a maximum likelihood target
function, using the programs of Crystallography & NMR
System, CNS v.0.5 (26, 27). The quality of the refined
structures was assessed using PROCHECK (28) and WHAT-
IF (29). The Ca atom positions of the OP-TcAChE structures
were compared with those of native TcAChE using PROFIT
(SciTech Software, University College, London). The pro-
gram INSIGHTII v.97.0 (Biosym Technologies, San Diego,
CA) was used to calculate the positions of hydrogen atoms,
to generate theoretical solvent-accessible surfaces, and to
produce the final figures.

RESULTS

Reaction Kinetics. The reaction rate constants of 7cAChE
with ATCh, BTCh, or DFP were similar to those of
HuAChE, but considerably different from those of HuBChE
(Table 1). For example, the Ky for the reversible complex
of TcAChE and DFP was 6-fold less than that measured for
HuAChE using identical methodology (I8), but it was over
1200-fold less than that measured for HuBChE (Table 1).

X-ray Crystallography. Data were collected from trigonal
crystals of space group P3;21 (10) and refined to 2.3 (DFP),
2.6 (sarin), or 2.2 A (soman) resolution (Table 2). The highest
positive difference density peak (>150) in the initial (F, —

Table 2: Crystallographic Data Collection and Refinement Statistics
MiPrP-AChE MeP-AChE MeP-AChE

(DFP) (sarin) (soman)
Data Collection

resolution (A) 20—2.3 30—-2.6 30-2.2
total number of reflections 278 106 200 755 286 328
unique reflections 42 410 30011 49 048

% completeness: overall 94.2 (66.3)  97.4(99.3) 96.7 (94.1)

(highest refinement shell)
Ryym™ overall 0.07 (0.41)  0.09 (0.17) 0.05 (0.30)

(highest refinement shell)

average I/average o: overall 15.9 (1.7) 10.3(22) 15.6(2.6)
(highest refinement shell)
Refinement
R factor? (no o cutoff) (%)  18.6 18.6 21.0
number of reflections in 40 334 27034 46 332

working set
R freec (no o cutoff) (%) 227 247 25.1

number of reflections in 1874 (4.2) 1497 (4.9) 2460 (4.9)
test set (% total)

rmsd bond lengths A) 0.02 0.02 0.02

rmsd bond angles (deg) 1.9 2.0 1.9

total number of nonhydrogen 4729 4497 4390
atoms
protein 4263 4245 4174
carbohydrate 70 28 28
inhibitor 7 4 4
water (MES?) 377 (12) 220 184

@ Rym = 2|I — (DI/X1, where 1 is an individual reflection measure-
ment and {J) is the mean intensity for symmetry-related reflections.
& R-factor = X||Fo| — |Fc||[/Z|F,|, where F, and F. are observed and
calculated structure factors, respectively. R free is calculated for
randomly selected reflections excluded from refinement. ¢ A single
molecule of MES (crystallization buffer) was refined on the surface of
the MiPrP-AChE structure, adjacent to the 7cAChE carboxyl-terminal
o-helix. The MES molecule was apparently stabilized by the side-chain
nitrogen atoms of Q500 and N409, as well as by a water molecule
within possible hydrogen-bond distance to the imidazole ring of H406
(not shown).

F.) maps corresponded to the phosphorus of the OP and was
observed to be within covalent bonding distance of the S200
Oy in all three structures (Figure 2). Only one peak of this
magnitude was found in each structure; this result confirmed
that OP nerve agents form a covalent bond exclusively with
the active-site serine of AChE (30).

The overall orientation of the bound OP, relative to the
active-site gorge, was comparable in all three structures
(Figures 3 and 4). There were no detectable alterations in
the geometry of the active-site triad (S200-H440-E327) of
the aged OP-TcAChE structures, compared with that of
native TcAChE. A water molecule that is normally present
within hydrogen-bond distance of the oxyanion hole in the
active site of native TcAChE (water no. 682 in 2ace) was
displaced by the OP in each structure.
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FIGURE 2: Initial difference electron density map for MeP-AChE.
The final, refined active site of aged MeP-AChE, obtained by
reaction with soman, is superimposed on the initial (F, — F.)
electron density map (30—2.2 A all data; map contour level 30)
after rigid-body refinement of the protein, but before including the
OP moiety in the refinement. Only density that is within 2.0 A of
the soman atoms is contoured. Note that the tetrahedral geometry
of the soman phosphorus atom was clearly apparent in the initial,
unbiased difference maps.

FIGURE 3: Orientation of the bound OP relative to the active-site
gorge. The structure depicted is that of aged MeP-TcAChE (soman)
viewed down the P=0 bond with the oxyanion hole oxygen atom
(not visible) directly behind the phosphorus atom (colored purple).
The position of the phosphonylated serine (OP-S200) is shown
relative to those of the thirteen aromatic side chains that line the
active-site gorge of AChE (10). The solvent-accessible surface
(spherical probe of 1.4 A radius) was calculated for 16 A around
the OP (grey mesh). Note that the OP methyl group is buried in a
hydrophobic patch formed by W233, F288, and F290, but the
oxygen that undergoes dealkylation (O” Scheme 2) points toward
a solvent-accessible pocket in front of W84.

The strong stereoselectivity of AChE ensured that, under
our experimental conditions, the primary OP reactants were
the Ps sterecoisomers of sarin and soman (37). The MeP-
AChE structures establish the stereochemistry of the final
reaction products and, thereby, demonstrate an overall
inversion of the absolute configuration at the OP phosphorus
(Figure 4). Inversion is consistent with a simple in-line
nucleophilic attack by the S200 Oy during phosphylation
(Scheme 2), but the structures do not exclude more com-
plicated reaction mechanisms.
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At completion of the post-inhibitory aging process, the
final reaction product was an anionic methylphosphonylated
(MeP)-AChE in the case of sarin and soman, or an anionic
monoisopropylphosphorylated (MiPrP)-AChE with DFP
(Figure 4). Direct observation of the dealkylated OPs after
aging proves that the original interpretations of low-molec-
ular-mass product analysis (8, 9) and recent mass spectro-
metric data (32) were fundamentally correct.

In all three aged OP-TcAChE structures, the oxygen atom
of the OP that underwent dealkylation (designated O’ in
Scheme 2) was oriented toward a polar pocket in the active
site that contained several water molecules (corresponding
to waters no. 633, 678, 679, and 742 in 2ace). At least one
of these waters (no. 742 in 2ace) must move to accommodate
the alkyl group that departs during aging. The geometry
between O” and H440 Ne2 was consistent with the presence
of an imidazolium at H440 that could act as a hydrogen-
bond donor (Table 3).

The overall root-mean-square deviation (rmsd) for Ca
atoms, relative to native TcAChE, was only 0.3 A for each
MeP-AChE structure and 0.4 A for MiPrP-AChE. There was
an unexpected conformational change, however, in the active-
site acyl pocket of the MiPrP-AChE structure. The side
chains of F288 and F290 moved significantly, and the main
chain underwent “peptide flips” (33) between 1287 and S291
to accommodate one of the isopropyl groups of DFP (Figures
4C and 5). The 1-dihedral angle for 1287 changed by 184°,
moving from 3 = 140° in native TcAChE to 1 = —44° in
MiPrP-AChE. This flip in the 1287 i-dihedral angle was
offset by successive changes in the y-dihedral angles for
R289, F290, and S291. The calculated deviation for the Ca
atoms in residues 287—291 in the MiPrP-AChE structure,
compared with native TcAChE, was 0.6, 2.9, 4.8, 2.2, and
0.8 A, respectively.

A more subtle repositioning of F331 by rotation around
its 1 and x2 angles also occurred in the MiPrP-AChE acyl
pocket (not shown). The phenyl ring of F331 moved and
partially filled the space created by displacement of the
pheny! ring of F288.

The conformational change in MiPrP-AChE did not appear
to be a consequence of the dealkylation reaction (aging),
because no evidence was found for a significant conforma-
tional change in the other two aged structures. Moreover,
the residues in the acyl pocket of the sarin conjugate showed
no detectable movement, despite the fact that both DFP and
sarin lose an identical isopropyl group during the dealkylation
reaction (Scheme 2).

DISCUSSION

Serine hydrolases may catalyze the phosphylation and
aging reactions with OP inhibitors containing branched alkyl
groups, and thus greatly accelerate their own irreversible in-
hibition (7, 34). The remarkably large rate enhancement of
the aging reaction by cholinesterase has been ascribed to the
precise juxtaposition of the departing alkyl group with spe-
cific amino acid residues in the enzyme active site (35—37).

The aged OP-TcAChE structures do not permit direct
observation of the alkyl group that departs during dealkyl-
ation, but its general topography on the enzyme surface can
be deduced from the steric constraints of the phosphylated
active site (38). On the basis of the position of the residual
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oxygen atom (O’ Scheme 2), the bond that breaks during
aging is close to the imidazole ring of H440 (Table 3).
Furthermore, the departed alkyl group would have filled the
solvent-accessible pocket in front of the indole ring of W84
(Figure 3). Dealkylation occurs selectively in this site because
the crystal structure shows that DFP lost exclusively the
isopropyl group in front of W84, while the residual isopropyl
group in the acyl pocket is present at full occupancy.

The deduced position of the departed alkyl group in the
crystal structures explains several biochemical features of
the aging reaction in solution: (1) the catalytic histidine
participates in aging (34, 39); (2) dealkylation occurs
preferentially in the choline binding subsite (8, 40, 41), which
is now widely accepted to be W84 (10, 42); and (3) aging
rate constants for OPs with branched alkyl groups are reduced
60—1100-fold by the site-specific replacement of W86(84)*
in HuAChE (36, 43).

The negative charge introduced by the departure of an
alkyl group during aging imposes an important barrier to

Millard-et al.

FIGURE 4: Active site of aged phosphylated TcAChE determined
by X-ray crystallography. The three-dimensional structures depicted
were obtained by reaction of TcAChE with soman (A), sarin (B),
or DFP (C). Note the proximity of four hydrogen-bond donors
(dashed lines) to the anionic phosphonyl oxygen atoms: the
backbone amide-nitrogen atoms of A201, G118, and G119, as well
as H440 Ne2. In the MeP-AChE structures (panels A and B), the
OP methyl carbon is within nonbonded contact distances (dotted
lines) of F288 and F290 in the acyl pocket. In contrast, reaction
with DFP results in a distortion of the acyl pocket (panel C). F288
and F290 move significantly in the MiPrP-AChE structure (green),
compared with their positions in the native enzyme (purple). For
reference, the Co. traces of native (pink) and MiPrP-AChE (green)
are overlaid.

dephosphylation because anionic phosphoesters are inher-
ently resistant to nucleophilic attack (44). Electrostatic
repulsion alone, however, does not adequately explain the
truly irreversible character of aged enzyme. The presence
of a negative charge retards nucleophilic attack of simple
phosphorus diesters by only approximately 50—100-fold (45),
and reactivation of anionic OP-chymotrypsin conjugates by
an intramolecular nucleophile is possible (46). Furthermore,
protein denaturation of aged MiPrP-AChE permits significant
base-catalyzed dephosphorylation (47), suggesting that the
resistance of aged OP-AChE to reactivation must be partly
caused by specific structural interactions between the folded
enzyme and the OP.

Structural Barriers to Enzyme Reactivation. The aged OP-
TcAChE structures reveal a remarkable array of possible

4 The italicized number in parentheses immediately following an
amino acid residue is the corresponding residue in the reference
structure, TcAChE.
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Table 3: Distances between TcAChE Active-site Residues and the
OP Moiety

Possible Hydrogen Bonds (A/deg)®

MeP-AChE ~ MeP-AChE ~ MiPrP-AChE
donor-++acceptor sarin soman DFP
H440 Ne2---0>-P 2.9/154 2.6/173 2.7/168
G118 N---O“-P 2.8/165 2.8/160 2.71161
G119 N---O°-P 2.6/152 2.6/161 2.6/158
A201 N-+-O“-P 3.1/163 3.0/169 3.0/169

Acy! Pocket Distances (A)?

TMTFA

sarin soman complex
F288 4.8 48 5.1
F290 47 4.8 5.6
G119¢ 40 39 43
w233 42 43 4.8
F331 5.5 5.5 5.6

@ Hydrogen bonds were considered possible if the straight-line
distance between an appropriate donor and acceptor atom was <3.5
and the angle from donor-hydrogen-acceptor atom was =120°. For
calculation of the angles, the positions of the putative hydrogen atoms
were determined from the geometry of the heavy atom positions using
INSIGHTIL. ¢ The residual oxygen atom after dealkylation (depicted
as O" in Scheme 2). ¢ The oxygen atom in the oxyanion hole (depicted
as O in Scheme 2). ¢ Straight-line distance from the methyl carbon atom
of the phosphonate, or from the CFs-carbon atom of TMTFA (42), to
the geometric center of the phenyl or benzopyrrole ring of the indicated
side chain. ¢ Straight-line distance to G119 Ca.

noncovalent forces that contribute to the irreversible inhibi-
tion which is characteristic of OP nerve agents. Three
possible hydrogen bonds from the oxyanion hole (main-chain
nitrogen atoms of G118, G119, and A201) to one phosphonyl
oxygen atom stabilize the bound OP adduct before and after
aging (Table 3). Indeed, this interaction may be strengthened
by dealkylation (aging) because electronic rearrangement
could place the formal negative charge of the aged OP adduct
partly or entirely in the dipolar oxyanion hole. It was shown
by site-specific mutagenesis that replacement of the oxyanion
hole residues equivalent to either G118 or G119 in HuAChE
and HuBChE markedly slows the reaction rate constants for
OP inhibitors (48—50).

The acyl pocket provides another barrier to reactivation.
A “dry” hydrophobic patch formed by F288, F290, W233,
and G119 Ca completely surrounds one OP alkyl (or
alkoxyl) group (Table 3; Figure 2). This could limit dephos-
phylation by blocking access of attacking water molecules
to the correct face of the phosphorus, as well as by providing
stabilizing nonbonded contacts to the OP in the case of the
sarin or soman (Figure 4). The G119 Ca is only 4.3 A away
from the phosphorus and is almost in-line with the phosphorus-
$200 Oy bond. Placing an imidazole side chain specifically
at this position in HuBChE (G117(119)H) confers OP
hydrolase activity by increasing spontaneous dephosphylation
(49, 51).

A key structural feature of aged OP-serine hydrolases
appears to be a favorable electrostatic interaction between
Ne2 of the active-site imidazolium and one oxygen atom of
the anionic OP moiety. A hydrogen bond is possible between
H440 Ne2 (donor) and one oxygen of the OP (acceptor) in
each of the three aged OP-TcAChE crystal structures (Table
3). Similar geometry is present in the aged structures of
MiPrP-trypsin (PDB code 1Intp) (52), MiPrP-chymotrypsin
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(1gmh) (53), and an MeP-esterase (from Streptomyces
scabies; lesd) (54). The presence of a hydrogen bond is
consistent with the conclusion that the catalytic histidine Ne2
is immobilized in a protonated form in the aged enzyme,
thereby locking the phosphylated active site in an electrostatic
and structural analogue of the natural substrate TI (55).

Structural Models for the Deacylation Tetrahedral Inter-
mediate. The active sites of aged MeP-AChE (sarin and
soman) provide the best available structural analogues for
the negatively charged, deacylation TI formed during reaction
with the natural substrate, ACh (55, 56). One phosphonyl
oxygen in the oxyanion hole mimics the carbonyl oxygen
in the substrate TI (/4), while the other oxgyen atom interacts
with the H440 imidazolium. Thus, the anionic OP adduct
strongly complements the preformed electrostatic environ-
ment of the AChE active site (reviewed in ref 57). Addition-
ally, the position of the methyl group of sarin and soman
should closely approximate that of the ACh methyl group
(Scheme 1). Both F288 and F290 provide close nonbonded
contacts to the sarin or soman methyl group (Figure 4),
supporting the hypothesis that these aromatic side chains also
bind the ACh methyl group in the substrate TI (42).

The side chain of W233 is proximal to the methyl group
in the MeP-AChE structure (deacylation TI analog), as well
as to the CF; group in the structure of TcAChE inhibited
with m-(N,N,N-trimethylammonio)-2,2,2-trifluoroacetophe-
none (TMTFA; 42) (acylation TI analog) (Table 3). Fur-
thermore, W233 is absolutely conserved in AChE and BChE,
as is the adjacent P232 that constrains the position of the
indole ring. The proximity and invariant position of W233
suggest to us a more general and primary role for this acyl
pocket residue in catalysis; replacement of W233 in HuBChE
was shown recently to result in a 32-fold decrease in the ke,
for substrate hydrolysis (58).

Mouvement of the Acyl Pocket in MiPrP-AChE. Structure—
activity studies first suggested the presence of specific
binding pockets in the active site of cholinesterase that
interact with the acyl and alkoxy groups of carboxyl ester
substrates and OP inhibitors (reviewed in refs 6, 59). This
approach showed convincingly that the acy! pocket of AChE
was more restrictive than that of BChE. After the crystal
structure of TcAChE became available, two aromatic resi-
dues, F288 and F290, were implicated as the source of AChE
selectivity on the basis of sequence alignments and site-
specific mutagenesis data (reviewed in ref 15). '

Movement of F288 and F290 during the reaction with
DFP, but not with sarin or soman (Figure 4), supports the
idea that the aromatic side chains of these residues are the
primary source of acyl pocket selectivity in TcAChE.
Previous molecular dynamics studies of TcAChE suggested
either that the degrees of freedom available to substrates and
inhibitors were restricted by F288 and F290 or that the side
chains underwent compensatory movements to accommodate
bulky ligands; the models did not predict that the polypeptide
backbone atoms in the acyl pocket could move almost 5
(Figure 5). Concurrent movement of the phenyl rings of
F331, F288, and F290 suggests that a network of cooperative
m— interactions may stabilize the acyl-binding pocket in
native TcAChE.

The free-energy penalty associated with the observed
conformational change in the acyl pocket offers a concrete
explanation for the substrate specificity of TcAChE. The
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FIGURE 5: Conformational change in the acyl pocket. The main
chain of MiPrP-AChE (thicker dark sticks) is compared with that
of native TcAChE (thinner gray sticks) from position 278 to 292.
The main chain displacement in the MiPrP-AChE stems from steric
clashes between the bulky isopropyl group of DFP and the side
chains of F288 and F290 (indicated by the arrow and also depicted
in Figure 4C). The movement occurs on a loop that includes W279
(side chain shown) of the peripheral site. For reference, the Ca
traces (thin lines) of the superimposed proteins are shown.

reversible dissociation constant with DFP, for example, is
2—3 orders of magnitude higher for either TcAChE or
HuACHE than it is for HuBChE (Table 1). Replacement of
the acyl pocket residues F295(288) and F297(290) in
HuAChE with the smaller aliphatic side chains found in
HuBChE abolishes this difference (I7, 18). Likewise, the
specificity constants for reaction of HUAChE or TcAChE
with a substrate containing a butyryl group are 100—450-
fold lower than those for reaction with an optimal substrate
containing a methyl group (Table 1).

If TcAChE is phosphorylated with DFP and then rapidly
dephosphorylated with an oxime nucleophile before aging
can occur, the regenerated enzyme is essentially identical
with native enzyme in its substrate specificity and affinity
for a range of fluorescent bisquaternary ammonium ligands
(38). Therefore, the conformational change we observe is
probably reversible upon reactivation. The aging reaction
stops dephosphorylation, however, and traps the acyl pocket
of aged MiPrP-TcAChHE in a conformation that may occur
transiently during reaction with some substrates and inhibi-
tors. Because the acyl pocket loop that moves also includes
W279, which forms an important part of the AChE peripheral
site (reviewed in ref 15), it is reasonable to speculate that
this loop conjoins the active site with the peripheral site
during catalysis (Figure 5). Such a link was first proposed
by Changeux (60) to explain the allosteric binding of certain
inhibitors to Torpedo AChE, but it continues to elude firm
experimental proof.

Despite evidence in the literature for conformational
changes associated with aging of some OP-AChE, -BChE,
and -chymotrypsin conjugates in solution (61—63), we
detected no major structural rearrangements in 7cAChE as
a result of the aging reaction itself. It remains possible,
however, that reversible conformational changes occurred
on the pathway to the final aged OP-TcAChE structures. We
are testing this possibility by ongoing X-ray crystallographic
studies of nonaged OP-TcAChE complexes.
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ABSTRACT

Torpedo acetylcholinesterase is irreversibly inactivated by
modifying a buried free cysteine, Cys231, with sulfhydryl re-
agents. The stability of the enzyme, as monitored by measuring
the rate of inactivation, was reduced by mutating a leucine,
Leu282, to a smaller amino acid residue. Leu282 is located
within the “peripheral” anionic site, at the entrance to the ac-
tive-site gorge. Thus, loss of activity was due to the increased
reactivity of Cys231. This was paralleled by an increased sus-
ceptibility to thermal denaturation, which was shown to be due
to a large decrease in the activation enthalpy. Similar results
were obtained when either of two other residues in contact with
Leu282 in Torpedo acetylcholinesterase, Trp279 and Ser291,
was replaced by an amino acid with a smaller side chain. We
studied the effects of various ligands specific for either the
active or peripheral sites on both thermal inactivation and on

inactivation by 4,4'-dithiodipyridine. The wild-type and mutated
enzymes could be either protected or sensitized. In some
cases, opposite effects of the same ligand were observed for
chemical modification and thermal denaturation. The mutated
residues are within a conserved loop, W279-S291, at the top of
the active-site gorge, that contributes to the peripheral anionic
site. Theoretical analysis showed that Torpedo acetylcholines-
terase consists of two structural domains, each comprising one
contiguous polypeptide segment. The W279-S291 loop, lo-
cated in the first domain, makes multiple contacts with the
second domain across the active-site gorge. We postulate that
the mutations to residues with smaller side chains destabilize
the conserved loop, thus disrupting cross-gorge interactions
and, ultimately, the entire structure.

Torpedo acetylcholinesterase (AChE) contains a noncon-
served cysteine residue, Cys231, buried within the protein,
ca. 8 A from the active-site serine, Ser200 (Sussman et al.,
1991). Chemical modification of the free thiol group of this
amino acid residue by a repertoire of sulthydryl reagents
causes irreversible inactivation of the enzyme, even when
modification is reversible (Kreimer et al., 1994). Inactivation
is due to an irreversible conformational transition of the
native enzyme to a molten globule (MG) species (Kreimer et
al., 1994). Modification, as well as concomitant inactivation,
obeys pseudofirst order kinetics (Steinberg et al., 1990; Krei-
mer et al., 1994). The rate of modification by a given thiol
reagent is much slower than for a reaction with a low-molec-
ular-weight thiol, as reflected by the high activation energy
of the reaction (Kreimer et al., 1994).

The Ellman reaction for assay of AChE (Ellman et al.,,

1 For rat mutants, the residue number for the equivalent amino acid in
Torpedo ACOE is given in brackets, according to the accepted nomenclature
(Massoulié et al., 1992).

1961) involves the use of a thiol reagent, namely 5,5’-dithio-
bis(2-nitrobenzoic acid) (DTNB), also known as Ellman’s re-
agent, which is reduced by the thiocholine generated by en-
zymic hydrolysis of acetylthiocholine (ATCh) to yield the
chromophore 2-nitro-5-thiobenzoic acid. Nevertheless, Tor-
pedo AChE can routinely be assayed by the Ellman method
because the T, for its inactivation by DTNB at neutral pH
and room temperature is approximately 9 h (Steinberg et al.,
1990). Therefore, it was not anticipated that a mutant Tor-
pedo AChE, L2825, generated by mutating Leu282, a leucine
residue located close to the surface of the enzyme and near
the mouth of the active-site gorge (Fig. 1; Sussman et al,,
1991; Harel et al., 1995), to either serine or alanine, would be
unstable under the conditions of the Ellman assay. This
mutant had been generated to promote glycosylation of the
adjacent residue, Asn280, by creating the glycosylation sig-
nal AsnXSer. However, instability was not due to glycosyla-
tion because the analogous mutant, L282A, displayed similar
instability. With the following results, we demonstrate that

ABBREVIATIONS: AChE, acetylcholinesterase; ATCh, acetylthiocholine; TcAChE, Torpedo californica acetylcholinesterase; TmAChE, Torpedo
marmorata acetylcholinesterase; DTNB, 5,5'-dithiobis(2-nitrobenzoic acid); DTP, 4,4’-dithiodipyridine; MG, molten globule; WT, wild type.
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such mutants, generated by replacement of Leu282 with a
smaller residue, are, indeed, destabilized, and we present
evidence that the instability observed under assay conditions
derives from enhanced reactivity of Cys231 relative to its
reactivity in the wild-type (WT) enzyme. This, in turn, is
related to a decrease in the overall thermal stability of the
mutant enzyme. Both the enhanced susceptibility to chemi-
cal modification and the decreased thermal stability can be
modulated by reversible inhibitors specific for either the ac-
tive site or the “peripheral” anionic site. Leu282 is within a
loop stretching from Trp279 to Ser291. This loop is an im-
portant constituent of the peripheral anionic site (Harel et
al., 1993, 1995; Bourne et al., 1995). It also contributes the
principal hydrophobic stretch to a 5-kDa polypeptide,
Gly268-Lys315, which serves to anchor a MG species of Tor-
pedo californica AChE (TeAChE) to liposomes (Shin et al.,
1996). The peripheral anionic site of AChE has been shown to
enhance the rate of amyloid fibril assembly from A peptide
(Inestrosa et al., 1996), and, more recently, the isolated
polypeptide sequence has been shown to be endowed with
this capacity (De Ferrari and Inestrosa, 1998). Thus, eluci-
dation of the physicochemical forces governing the stability of
the Trp279-Ser291 loop warrants further investigation.

Experimental Procedures

Materials. ATCh, DTNB, propidium iodide, gallamine triethio-
dide, d-tubocurarine, decamethonium bromide, 4,4’-dithiodipyridine
(DTP), and BSA were all purchased from Sigma Chemical Co. (St.
Louis, MO). Edrophonium chloride was obtained from Hoffman-La
Roche (Basel, Switzerland). All salts and buffers were of analytical
grade.

Site-Directed Mutagenesis and Transfection. The coding se-
quences of the H catalytic subunits of Torpedo marmorata AChE
(T'mAChE; Duval et al., 1992) and of rat AChE (Legay et al., 1993)
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were inserted into the pEF-BOS vector and were mutagenized with
oligonucleotide primers, as described previously (Duval et al., 1992).
COS-7 cells were transfected as described previously (Duval et al.,
1992). After transfection, the COS cells were incubated for 2 days at
37°C and then for 4 days at 27°C in the case of the Torpedo enzyme,
and incubated for 4 days at 37°C in the case of rat AChE.

AChE Activity Assays. AChE activity was determined by the
colorimetric method of Ellman et al. (1961) at room temperature,
with 0.75 mM ATCh as the substrate, in 50 mM sodium phosphate
(pH 7.4) containing 0.5 mM DTNB and 0.1 mg/ml BSA. Assays were
performed in microplates with a Labsystems (Helsinki, Finland)
Multiskan RC automatic plate reader and recording at 414 nm every
20 s. K, values were determined under the same experimental
conditions in a concentration range of 0.02 to 10 mM ATCh, and IC;,
values were determined with 0.5 mM ATCh. AChE samples were
preincubated with the inhibitors in the reaction mixture for 20 min
before the initiation of the enzymic reaction by addition of the sub-
strate.

Inactivation by DTP. Chemical inactivation was performed in
buffer 1 (0.01% BSA/40 mM NaCl/10 mM Tris hydrochloride; pH 7.4)
containing 1 mM DTP in the case of TmAChE and 0.05 mM DTP for
the rat enzyme. Ten-microliter aliquots of the appropriate AChE
sample were added to 100 ul of the DTP-containing buffer, which
was then incubated at 26.5°C. At appropriate time intervals, 10-ul
aliquots were withdrawn and stored on ice for up to 1 h before assay
of residual activity.

Thermal Inactivation. Thermal inactivation experiments were
performed by the addition of 10-ul aliquots of the appropriate AChE
sample to 100 ul of buffer 1, which was then brought to the appro-
priate temperature. Arrhenius plots were determined from the ini-
tial rates of loss of enzymic activity at four appropriate temperatures
for each AChE sample, assuming that thermal denaturation obeys
first order kinetics, yielding values of AH¥,

Software. Domain limits were computed from the atomic coordi-
nates of the free TcAChE molecule (Protein Data Bank entry 2ace) by
a recently developed procedure (Wernisch et al., 1999) that uses a
graph heuristic to partition the protein into sets of residues that

Fig. 1. Ribbon diagram of TcAChE.
Residues 4 to 305 are colored green,
and residues 306 to 535 are colored
cyan, highlighting the division of the
molecule into two putative domains.
The loop containing Leu282, viz.
Trp279-Ser291, is colored yellow,
with the side chains of Trp279 and
Leu282 represented in stick form.
The three regions of the second do-
main of the molecule that interact
with this loop are colored purple,
and two side chains, Phe 331 and
Asn399, are shown in stick form.
The active-site residues, Trp84 and
Ser200, at the bottom of the active-
site gorge, are also shown in stick
form to provide orientation (picture
was made in Insight II).
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display minimum interactions between them. The interactions are
evaluated from the contact areas between atoms, which are com-
puted from the weighted Voronoi diagram (Richards, 1974). The
accessible surface areas of residues in the protein and the area
buried in the interface between the two domains were evaluated with
the program SurVol (Alard, 1992). All of the procedures use a probe
size of 1.4 A for the water molecule and the set of radii implemented
in the BRUGEL package (Delhaise et al., 1984).

The programs Insight IT (MSI Corp. San Diego, CA) and XtalView
(McRee, 1992) were used for display and analysis, and Raster3D
(Merritt and Bacon, 1997) was used to render some of the images
used in this study. The Collaborative Computational Project, Num-
ber 4 program (1994), CONTACT, was used to assess interdomain
contacts.

Results

Figure 2 displays the enzymic activity of aliquots of WT
TmAChE and of the corresponding L282S mutant as a func-
tion of time, at 30°C, under standard Ellman assay condi-
tions (see Experimental Procedures). Whereas the activity of

—=—WT
—a&—| 2825
—e—1282S GAL
—¥—[282S CUR

0.01

A A
= AMF

ACTIVITY
o
o
2

0.0001 L

2 4 6 8 10 12 14
Time (min)

Fig. 2. Catalytic activity of WT and of L2823 TmAChE as a function of
time under standard assay conditions. Catalytic activity was measured
under standard assay conditions (see Experimental Procedures). The
activity at a given time was calculated from the change in optical density
of the reaction mixture over a time interval of 20 s. The change with time
in the catalytic activity of the L282 mutant was also monitored in the
presence of d-tubocurarine (50 uM) and of gallamine (0.4 mM).

o

the WT enzyme, as expected, decreases only slightly ovet 15
min, that of the L2828 mutant decays significantly. In addi-
tion, the effects of the two peripheral site ligands, d-tubocu-
rarine and gallamine (Changeux, 1966), should be noted.
Whereas the addition of 0.4 mM gallamine stabilizes L2825
over the period monitored, d-tubocurarine (50 uM) substan-
tially enhances the rate at which its enzymic activity decays.
Propidium, like gallamine, stabilizes the L2828 mutant (not
shown). Neither d-tubocurarine nor gallamine had a signifi-
cant effect on the slow loss of activity of WT TmAChE.

Our earlier studies of chemical modification and concomi-
tant deactivation of TcAChE by thicl reagents (Steinberg et
al., 1990; Kreimer et al., 1994) suggested that the instability
of L282S under the conditions of the Ellman assay might
have its origin in the enhanced reactivity of Cys231 in the
mutant enzyme relative to the WT enzyme. Therefore, this
possibility was examined directly. Figure 3 shows the results
of experiments in which samples of WT' TmAChE and of
various mutant enzymes were preincubated in the presence
of the disulfide DTP (Kreimer et al., 1994) before assay by the
Ellman procedure. Both L2828 (not shown) and the analo-
gous mutant, L2824, are stable in the absence of DTP at

WT +/-DTP
L282A -DTP
W279A - DIP
$291G - DTP

W279A + DTP

100

L282A + DIP

$291G + DTP

Time (min)

Fig. 8. Kinetics of inactivation of WT and of mutant TmAChE by DTP.
Inactivation was performed at 26.5°C. Ten-microliter aliquots of the
TmAChE sample were added to 100 ul of 1 mM DTP in buffer 1. At
appropriate time intervals, 10-pl aliquots were withdrawn and stored on
ice for up to 1 h before assay of residual enzymic activity.

Fig. 4. Stereo view of the Trp279-
Ser291 loop. Contacts made by the
side chain atoms of Leu282 are shown
by dashed lines: mauve for C”, green
for C?', and purple for C*2. Red dashed
lines represent possible hydrogen
bonds between the two water mole-
cules shown (red spheres) and protein
atoms. Wat580 is the uppermost of the
two and Wat584 is below. The orien-
tation in this figure is similar to that
in Fig. 1 (picture was made in Xtal-
View/Raster3D).
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26.3°C, but unstable in its presence, with T';,, values of ca. 7
min under the experimental conditions used. WT TmAChE is
stable under the same conditions, as is the double-mutant
C231S/L282A, which lacks the free thiol of Cys231 (not
shown). The fact that the L282A mutant is destabilized to a
similar extent as the L282S mutant shows that destabiliza-
tion is not due to glycosylation. This was confirmed by the
fact that the N280Q/L.282S double mutant was also unstable
in the presence of DTP (not shown).

Inspection of the three-dimensional structure of Torpedo
AChE (see Discussion) revealed that the side chain of Leu282
makes contact principally with the side chains of two other
residues, the indole ring of Trp279 and the hydroxyl group of
Ser291 (Fig. 4). Thus, it was of interest to see whether sub-
stitution of either of these two residues by amino acids with
smaller side chains would reduce the stability of 7TmAChE in
a similar manner. Accordingly, two appropriate mutants,
W279A and S291G, were generated, and Fig. 3 shows that
these mutations also increase susceptibility to DTP. The
degree of susceptibility produced by the S291G mutation is
similar to or greater than that produced by the L282S/A
mutation, whereas that produced by the W279A mutation is
much smaller.

The instability of all three mutants relative to WT TmAChE,
as monitored by susceptibility to chemical modification, was
paralleled by reduced thermal stability. Thus, WT TmAChE
was fairly stable at 38°C and pH 7.75, losing ca. 10% of its
activity in 3 h. Under the same conditions, the L282A,
S291G, and W279A mutants displayed T',, values of ca. 25
min, 6 min, and 256 min, respectively. Arrhenius plots
showed that the decreased thermal stability was due to large
decreases in the activation energy, from 170 kcal/mol for WT
enzyme to 100 kecal/mol and 90 keal/mol, respectively, for the
1.282A and S291G mutants (Fig. 5). A smaller decrease, to
135 kcal/mol, was observed for the W279A mutant, parallel-
ing its more limited sensitivity to DTP. Figure 5 also shows

——WT AH =170 keal/mol
= -C231A AH =180 kcal/mol
=+ -Cc2318 AH =155 keal/mo!
—D€=W279A AH =135 kcal/mol
=/ 282A AH =100 kcal/mol
—de—S5291G AH = 90 kcal/mol

—©—C231S/L282A AH = 80 kcal/mol
0.1 F
-4
0.01 -
0.001
3.1 3.15 3.2 3.25 3.3

10%/T°K
Fig. 5. Activation energies for thermal denaturation of WT and mutant
TmAChEs. Arrhenius plots were derived from the experimental data for
the kinetics of thermal inactivation at four temperatures for each AChE
sample. A 10-ul aliquot of the TmAChE sample was added to 100 ul of
buffer 1 before incubation at the desired temperature. At suitable time
intervals, 10-ul aliquots were withdrawn and stored on ice for up to 1 h
before assay of residual enzymic activity.
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that the C231S mutant is slightly less stable than the WT
and that the C2315/1.282S double mutant is slightly less
stable than 1.282S, which is in agreement with the observa-
tions of Wilson et al. (1996).

Vertebrate AChE displays a high degree of conservation,
with Torpedo AChE possessing ca. 50% sequence identity
and ca. 70% sequence similarity to various mammalian
AChEs (Cousin et al., 1998). Crystallographic studies on
complexes of mouse recombinant, human recombinant, and
Torpedo AChE with the mamba venom polypeptide neuro-
toxin fasciculin show that these three enzymes also possess
very similar three-dimensional structures (Bourne et al,
1995; Harel et al., 1995; Kryger et al., 1998). Therefore, we
investigated the effect of mutation to a smaller residue of the
leucine residue in rat AChE equivalent to Leu282 in Torpedo
AChE, which is either conserved or replaced by valine or
methionine, in all of the vertebrate cholinesterases cloned
and/or sequenced to date (Table 1; Cousin et al., 1998). We
also investigated whether the inherent capacity of Torpedo
AChE to be deactivated by chemical modification of Cys231
could be conferred on rat AChE by introducing a cysteine
moiety in place of the homologous residue, Gly234.

Mutation to alanine of the leucine residue in rat AChE
equivalent to Leu282 in TmAChE, viz. Leu289, produced a
mutant enzyme, L289(282)A!, that was much more suscep-
tible to thermal denaturation than was the WT enzyme.
Arrhenius plots (not shown) revealed that this is associated
with a reduction in the energy of activation, from 125 kcal/
mol to 90 kcal/mol, a reduction much smaller than that
produced by the homologous mutation in TmAChE.

WT rat AChE, as might be expected, is not susceptible to
DTP at 26.3°C. However, the G234(231)C mutant, in which a
cysteine residue has been inserted at a position homologous
to that of Cys231 in WT TmAChE, was deactivated, with a
T,/ of 30 min, in the presence of 1 mM DTP (data not shown).
As might be predicted from the thermal denaturation data
for the L289A mutant, the double mutant G234(231)C/
L289(282)A is much more susceptible to DTP under the same
experimental conditions and loses activity with a T’/ of ca.
20 min, even in the presence of 0.05 mM DTP (data not
shown).

Our initial observation (see above) was a modulation of the
stability of the L2828 mutant under conditions of the Ellman
assay by the prototypic peripheral site ligand d-tubocurarine.
Therefore, it seemed desirable to conduct a systematic survey
of the effects of AChE-specific ligands on the stability of the
various mutants discussed above, relative to WT TmAChE.
In addition to d-tubocurarine and gallamine, which are spe-

TABLE 1

Conservation of residues in the Trp279-Ser291 loop and of residues in
domain 2 that interact with this loop

279 282 286 288 289 291 331 398 399
Torpedo w L S F R S F H N
Rat, mouse W L S F R S F H N
Rabbit w L S F R S F H N
Human w L S F R S ¥ H N
Bovine w L H F R S F H N
Chicken G M S F R A F H N
Quail G L S F R A F H N
Bungarus A L S F R P F H N
Hagfish G v S F R P F Y N
Amphioxus1 W v D A D P w P F
Amphioxus 2 =W w P F Y N
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cific for the peripheral site, edrophonium and tacrine, ligands
specific for the “anionic” subsite of the active site (Harel et
al., 1993), and decamethonium, a bisquaternary ligand that
spans the two sites (Harel et al. 1993), were included for
purposes of comparison. IC;, values for inhibition of the
various TcAChE and rat AChE mutants by these ligands are
summarized in Table 2. Not surprisingly, K, was not greatly
influenced by the mutations made in residues near the en-
trance of the gorge, nor did the C231S mutation influence
this parameter. Similarly, only small effects were observed
on the IC;, values for tacrine and edrophonium, which bind
to the anionic subsite of the active site at the bottom of
the aromatic gorge. However, the L282S/A and S291G mu-
tations appeared to increase the affinity of d-tubocurarine for
TmAChE by 2- to 3-fold, whereas they decreased the affinity
of gallamine by 4- to 10-fold and of decamethonium by 2- to
3-fold. Whereas the W279A mutation had little effect on the
affinity of d-tubocurarine and gallamine for TmAChE, it
decreased the affinity of decamethonium by about 7-fold. The
fact that mutations in the peripheral site region may in-
crease affinity for some peripheral site ligands and decrease
that for others is not unusual and may be due to interaction
of different peripheral site ligands with diverse sets of amino
acid residues (Cousin et al., 1996).

We investigated the effects of the ligands on both thermal
denaturation and deactivation produced by chemical modifi-
cation with DTP for both WT and peripheral site mutants of
TmAChHhE and rat AChE.

For the L282A mutant, the thermal denaturation studies
presented a fairly straightforward picture. Edrophonium, ta-
crine, decamethonium, and gallamine all provided substan-
tial protection against thermal denaturation, whereas d-tu-
bocurarine slightly destabilized the enzyme (Fig. 6). The
observed protection was reflected in the activation energies
calculated from Arrhenius plots obtained in the presence of
the various ligands. For the first four ligands, these were
substantially higher than the value obtained for L282A in
the absence of any ligand. For tacrine (155 kcal/mol), the
activation energy approached the value obtained for WT en-
zyme (170 kcal/mol), and for d-tubocurarine, the activation
energy was slightly decreased. d-Tubocurarine had a similar
effect on the W279A mutant (not shown).

TABLE 2

ot
-

Inactivation by DTP presented a more complex picture. At
the temperature used, 26.3°C, the WT enzyme was fairly
stable, but a slightly increased rate of inactivation was ob-
served in the presence of either d-tubocurarine or tacrine
(Fig. 7A). For the L282A mutant, gallamine and decametho-
nium exerted strong protection and edrophonium provided
slight protection, whereas d-tubocurarine slightly increased
the rate of inactivation, and tacrine substantially accelerated
inactivation, producing 50% inhibition of enzymic activity
within 2 min, as compared with ca. 6 min in its absence (Fig.
7B). Similar results were obtained for S291G, although edro-
phonium provided greater protection (Fig. 7C). However, for
this latter mutant, d-tubocurarine enhanced the rate of in-
activation (5-fold) much more than did tacrine (2-fold). In the
case of W279A, the trend was similar, but the effects were
less striking (Fig. 7D). Both gallamine and edrophonium
afforded protection, whereas both d-tubocurarine and tacrine
accelerated deactivation. Similar experiments performed on

—/—L282A AH' = 100 kcal/mol
—O~—L1282A CUR AH' = 80 kcal/mol
—l—1 282A TAC AH' = 155 keal/mol

——1282A DEC AH' = 115 kcal/mot

~—{—1282A EDR AN
—8—1282A GAL AR

130 kcal/mol
125 kcal/mol

10%/T°K
Fig. 6. Activation energies for thermal denaturation of the L282A mutant
of TmAChE in the presence and absence of active-site and peripheral-site
ligands. Assays were performed and Arrhenius plots were derived as
described in the legend to Fig. 5. Ligand concentrations used were:
d-tubocurarine, 0.5 mM; decamethonium, 20 uM; edrophonium, 10 uM;
gallamine, 0.6 mM; tacrine, 100 nM.

IC,, values for inhibition of wild-type and mutant T. marmorata and rat AChEs by active and peripheral site ligands

Assay conditions were as described in Experimental Procedures.

Enzymes K., ICy, Curare ICyo Decamethonium IC5y Edrophonium IC5o Gallamine IC;5, Tacrine
mM wM
TmAChE
WT 0.108 170 14 0.92 64.2 0.014
L282A 0.152 65 3.6 2.22 398 0.013
W279A 0.199 220 10.7 0.87 118 0.010
S291G 0.172 40 4.7 3.2 375 0.022
C231S 0.074 250 1.3 0.92 98.3 0.013
CS/L282A 0.106 110 34 2.1 245 0.014
L2828 0.156 80 4.2 2.0 312 0.017
N280Q 0.098 230 1.7 0.83 118 0.013
NQ/L282S 0.148 64 5.7 2.22 573 0.020
CS/1.2828 0.110 90 44 2.22 477 0.016
CS/NQ/L282S 0.114 64 5.7 2.74 933 0.020
Rat AChE
WT 0.085 240 15.4 19 1190 0.106
L289A 0.107 120 18 2.6 1430 0.086
G234C 120 30.4 3.2 690 0.112
GC/L289A 60 33.7 4.6 690 0.086
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the ' rat AChE double-mutant G234(231)C/L289(282)A edrophonium had little or no effect, and only tacrine en-
yielded a rather different pattern of efficacy of ligands. Over- hanced the rate of inactivation substantially, although not as
all, the effects observed were not striking, but gallamine had markedly as for the peripheral site mutants of TmAChE
a protective effect, decamethonium, d-tubocurarine, and (data not shown).

A WT B L282A
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100 DIP+GAL 100 CONTROL
DIP + EDR DTP + GAL
= DIP + CUR
DTP + TAC DTP + EDR
E DTP
> 101 10 DTP + CUR
=
S
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C S291G D W279A
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1r DTP + CUR ~. DIP+TAC 1|
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Fig. 7. Effects of active-site and peripheral-site ligands on the kinetics of inactivation of WT TmAChOE and the L282A, S291G, and W279A mutants
by DTP. The experimental procedure was as described in the legend to Fig. 3. Ligand concentrations used were as described in the legend to Fig. 6.
A, WT; B, L282A; C, S291G; and D, W279A.

Fig. 8. Stereo figure showing possible
hydrogen bonds (dashed lines) be-
$359 tween atoms in the Trp279-Ser291
loop (carbon atoms are colored yellow)

£ - o and domain 2 (carbon atoms are col-
H398 I A H398 ored purple). Wat555 is the red

btg. sphere. Orientation is similar to that

shown in Fig. 4 (picture was made in
F29 F288 F29 F288

1 XtalView/Raster3D).




988  Morel et al.

Discussion

Our data are in line with earlier experiments performed on
TcAChE, which showed that chemical modification of the
nonconserved Cys231 caused a loss of enzymic activity
(Steinberg et al., 1990), with concomitant transformation to a
partially unfolded state displaying the physicochemical fea-
tures of a MG state (Kreimer et al., 1994). However, the data
concerning mutation of Leu282 add another dimension. Al-
though hydrophobic, this residue is located near the surface
of the protein, close to the mouth of the active-site gorge (Fig.
1; Harel et al., 1995). We did not expect that mutation of
Leu282, located at the periphery of the protein, would affect
so drastically the stability of the entire catalytic subunit
containing 537 amino acid residues. There is substantial
documentation of studies in which large hydrophobic side
chains have been mutated to smaller ones (see, e.g., Yutani et
al., 1987; Matsumara et al., 1988; Eriksson et al., 1992b). In
general, such mutations destabilize the protein under con-
sideration. In cases where these mutations create empty
cavities, the magnitude of the destabilization is greater than
in those where the three-dimensional structure adjusts to fill
the void created by reducing the size of the side chain (Eriks-
son et al., 1992b). The proteins so studied have been much
smaller than the catalytic subunit of TcAChE, containing up
to 268 amino acid residues in the case of the « subunit of
tryptophan synthase (Yutani et al., 1987). It was reported
that cavity-containing mutants of T4 lysozyme could be sta-
bilized by the uptake of benzene or indole into the cavity
(Eriksson et al., 1992a). We were not able to obtain similar
stabilization of the L282A mutant by benzene (N. Morel,
unpublished observations), probably because in this mutant,
the conformation of the loop, and possibly elsewhere, was
altered so that no cavity was left after the mutation.

The experimental data presented, whether monitoring loss
of enzymic activity due to chemical modification or measur-
ing rates of thermal inactivation and generating Arrhenius
plots, are all kinetic. Therefore, at this stage, we cannot
differentiate between thermodynamic and kinetic destabili-
zation. Thus, an increase in the rate of thermal inactivation
might result from a lowering of the free energy of the inter-
mediate activation state rather than from destabilization of
the native state. In any event, the Arrhenius plots reveal that
mutations that accelerate the rate of thermal inactivation
lower the transition enthalpy (Fig. 5). The effect of ligands on
the inactivation of the L282A mutant was not directly corre-
lated with the values of the transition enthalpies observed in
their presence (Fig. 8). This suggests that for certain ligands,
viz. gallamine, decamethonium, and edrophonium, entropic
effects may play a role in stabilization.

To provide a structural basis for the observed destabiliza-
tion by mutation of Leu282, we have examined the area
surrounding the side chain of this residue. Figure 1 shows an
overall ribbon view of the enzyme, with the loop containing
Leu282 shown in yellow. This figure also shows that the
TcAChE can be divided approximately into two halves. By
using an older automatic procedure for identifying structural
domains in proteins (Wodak and Janin, 1981) and a more
recent algorithm (Wernisch et al., 1999), TcAChE is found to
consist of two “structural domains,” each comprising one
contiguous segment of the polypeptide: domain 1 (residues
4-315) and domain 2 (residues 316-357). These domains

TABLE 3

Cross-gorge interactions of residues in the Trp279-Ser291 loop

Target Atoms

Distance

Source Atom Loop-Second Domain
PHE284 CB PRO361 CB 3.69
PHE284 CG PRO361 CB 3.97
PHE284 CD2 PRO361 CB 3.90
ASP285 C LEU358 CD1 3.97
ASP285 O PRO361 CB 3.97

LEU358 CD1 3.71
LEU358 CA 4.03
ASP285 CG LEU358 CD1 3.54
ASP285 OD1 LEU358 CD1 3.51
ASP285 OD2 LEU358 CD1 3.70
SER286 CA LEU358 O 3.49
SER286 C LEU358 O 3.80
SER286 CB PRO361 CG 3.68
PRO361 CB 3.70
LEU358 O 3.84
ILE287 N LEU358 C 4.07
LEU358 O 3.16%%*
ILE287 CA LEU358 O 4.07
ILE287 C WAT555 OW 3.74
ILE287 O WAT555 OW 2,79%**
LEU358 O 3.90
ILE287 CB LEU358 O 3.89
ILE287 CG1 PHE331 O 3.54
ILE287 CG2 WAT555 OW 4.04
LEU358 O 4.08
SER359 OG 3.89
ILE287 CD1 LEU358 CG 3.84
GLY335 O 3.02
LEU358 CD2 4.10
GLY335 CA 3.69
GLY335 C 3.53
PHE288 CA PHE331 CD2 4.04
PHE288 O ASN399 OD1 4.00
PHE288 CB PHE331 CD2 4.06
ASN399 CG 3.89
ASN399 OD1 3.90
ASN399 ND2 3.71
WAT555 OW 3.61
PHE288 CG PHE331 CG 3.95
PHE331 CD2 3.69
PHE331 CE2 3.96
ASN399 CB 3.92
ASN399 CG 3.57
ASN399 OD1 3.77
ASN399 ND2 3.70
PHE288 CD1 PHE331 CE2 4.09
ASN399 CB 4.08
ASN399 CG 4.00
ASN399 0D1 3.92
PHE288 CD2 PHE331 CB 4.01
PHE331 CG 3.37
PHE331 CD1 3.55
PHE331 CD2 3.57
PHE331 CE1 3.85
PHE331 CE2 3.90
PHE331 CZ 4.00
ASN399 CB 3.63
ASN399 CG 3.61
ASN399 ND2 3.53
VAL395 CG1 3.71
PHE288 CE1 ASN399 CB 4.00
PHE288 CE2 PHE331 CG 3.79
PHE331 CD1 3.49
PHE331 CD2 4.02
PHE331 CE1 3.35
PHE331 CE2 3.94
PHE331 CZ 3.58
ASN399 CB 3.55
ASN399 CG 4.08
PHE288 CZ PHE331 CE1 3.81
PHE331 CE2 4.08
PHE331 CZ 3.63
ASN399 CB 3.76
VAL400 CG2 3.73
ARG289 NE PRO361 CG 4.02
ARG289 CZ HIS398 NE2 4.07
ASN399 OD1 3.92
ARG289 NH1 ASN399 CG 3.91
ASN399 OD1 2.83%H*
WATS555 OW 3.61
ARG289 NH2 PRO361 CD 4.06
HIS362 ND1 3.97
HIS362 CE1 3.87
HIS398 CE1 3.90
HIS398 NE2 2.96%+*
HIS398 CD2 3.85

Asterisks indicate possible hydrogen bonds.
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have'been defined so as to maximize the interactions between
residues within each domain while minimizing the interac-
tions between domains. This definition has been used in
many algorithms, with the aim of identifying structural units
most likely to fold independently and to be stable on their
own (Wetlaufer, 1973). However, this is unlikely to be appli-
cable to the two domains identified in TcAChE, given that
they interact strongly with each other and possess a buried
surface area of 5070 A%, a value nearly three times larger
than that in the average protein-protein complex (Janin and
Chothia, 1990). Furthermore, the domains represent por-
tions of the o/ hydrolase architecture of AChE that do not
seem to represent independent folding motifs found else-
where. Interestingly, however, our programs detect surpris-
ingly similar domain partitions in other proteins of the o/f
hydrolase fold family (Ollis et al., 1992), such as the fungal
and pancreatic lipases, that display weak sequence homology
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with AChE. It is also noteworthy that the members of the
catalytic triad of TcAChE, viz. Ser200, Glu327, and His440,
come from both domains, and, thus, span the interdomain
interface. This is quite common in multidomain enzymes
where domain movement plays a role in catalysis (Gerstein

TABLE 4

Possible hydrogen bonds between atoms in the Trp279-Ser291 loop and
atoms in domain 2, including Wat555

First Domain Second Domain Distance

A

11e287 N Leu358 O 3.2
I1e287 O Wat555 2.8
Wat555 Ser359 O 2.6

Wat555 Asn399 N*2 2.9

Arg289 N! Asn399 0% 2.8
Arg289 N2 His398 N*2 3.0

Fig. 9. Interaction of surfaces between the Trp279-Ser291 loop and domain 2. The loop is depicted as an orange ribbon, and only those side chain and
main chain atoms that interact with atoms of the second domain (within 4.14) are shown. The atoms of those interacting residues that actually make
contact are shown as red balls, and the side chain atoms of the same residues that do not make contact are shown in orange stick representations (to
provide context and connectivity). The solvent-accessible surface of only the contacting atoms is shown in dark red mesh. The surface is calculated in
the context of the entire loop. Relevant residues from domain 2 are shown as three segments of ribbon. Each segment is 1abeled at its COOH-terminus.
Medium blue indicates residues that have no contact with the 279-291 loop. Purple residues have some atoms that contact the loop atoms. Those main
chains and side chains of domain 2 that actually contact the loop are colored cyan, and the solvent-accessible surface of these atoms (in the context
of the whole second pseudodomain) is shown in light cyan, made transparent to show the atoms of which it is composed. The one cyan sphere is the
water molecule, arbitrarily assigned to be part of domain 2 (picture was made in Insight II).
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et al., 1994). This suggests that the AChE domains, or, more
particularly, their interface, and their counterparts in other
o/ B hydrolases, might also play a role in enzyme function.

In TcAChE, the interdomain surface involves 548 atoms
from a total of 78 residues in domain 1 and 74 residues in
domain 2. The interface atoms are defined as those for which
the accessible surface area (Lee and Richards, 1971) com-
puted in the entire protein is different from that computed
when the domains are considered independently. A sizable
portion of the interface residues belongs to loops (52%), with
the remainder belonging to helices and strands. It should
also be mentioned that 73% of the buried interface area is
provided by nonpolar atoms, whereas only 5.5% is contrib-
uted by charged atoms. Hence, the interdomain and, thus,
also the intergorge interactions are primarily hydrophobic in
nature.

Morel et al.

TABLE 5
Interactions of side chain atoms of Leu282 with other atoms in the
Trp279-Ser291 loop

Atom 1 Atom 2 Distance

A

Leu282 C” Trp279 O 4.0
Ser291 OY 3.9

Leu282 C* Trp279 C*2 4.1
Ser286 O~ 4.1

Arg289 O 3.7

Wath584 3.8

Leu282C% Pro283 C? 4.2
Arg289 C 4.1

Arg289 O 4.2

Phe290 N 4.1

Phe290 C 3.8

Phe290 O 3.9

Ser291 N 3.8

Ser291 C* 3.9

Ser291 Q7 3.8

Wat580 4.1

Given the above analysis, visual inspection of Fig. 1 sug-
gests that the loop comprising residues 279 to 291 plays
several roles: 1) it makes an important contribution to the
peripheral site at the top of the gorge; 2) it participates, via
the side chains of residues Phe288 and Phe290, in the acyl
binding pocket of the active-site (Harel et al., 1992); and 3) it
makes significant cross-gorge interactions with residues in
the second domain. To quantify this latter role of the loop,
Table 3 lists all of the interactions between residues in the
loop and residues in the second domain within a cutoff of
4.1A. The possible hydrogen bonds formed are displayed in
Fig. 8 and listed in Table 4. Table 1 shows that the side
chains of the residues involved in these polar cross-domain
interactions are well conserved in vertebrate AChE se-
quences. Consequently, it may be postulated that these res-
idues play a key role in preserving the active conformation of
the enzyme and/or in its folding to the native conformation.
This prediction could be examined by site-directed mutagen-
esis studies. Indeed, in preliminary experiments, mutation of
Arg289 to glutamate produced an active enzyme that was,
however, substantially less stable than WT TmAChE (N.
Morel, unpublished observations).

To examine the nonpolar interactions listed in Table 3, Fig.
9 shows the complementarity between the solvent-accessible
surfaces of the loop and neighboring atoms in the second
domain. Of particular interest is the sandwiching of the loop
residue Phe288 between the side chains of Phe331 and
Asn399, both of domain 2. Also noteworthy is the fact that
T1e287 buries 140 A2 in the interface, the second largest value
after Phe448 (not interacting with the loop), which buries 164
A2, In all, the loop buries approximately 446 A? of surface
area in the interaction between the two domains.

The participation of residues in the Trp279-Ser291 loop in
cross-gorge interactions implies that destabilization of the
loop itself would perturb important interdomain interactions,
thereby impairing the activity and, possibly, also the stabil-

Fig. 10. Overlay of five AChE crystal
structures in the region of the Trp279-
Ser291loop. The structures used are
as follows: soman-inactivated (Millard
et al., 1998; green); complex with hu-
perzine A (Raves et al.,, 1997; PDB
entry lvot; dark blue); complex with
edrophonium (Harel et al., 1993; PDB
entry lack; cyan), sarin-inactivated
(Millard et al., 1998; dark pink); and
native AChE (Raves et al., 1997; PDB
entry 2ace; brown). Overlap of struc-
tures is based on the assumption that
all five of the crystals are isomor-
phous. The overlay shows that there
are no large qualitative differences in
the conformation of the loop, despite
the presence or absence of inhibitors
at the bottom of the active-site gorge.
The largest differences are exhibited
by the side chains of Ile287 and
Leu358, which appear to adopt a num-
ber of different conformations. Fur-
thermore, 2ace lacks one water mole-
cule, uppermost in the representation
(picture was made in Insight II).
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ity of the entire subunit. The side chain of Leu282 is almost
completely buried, with only 10 AZ? of surface area exposed to
solvent. Figure 4 shows that it fills the central cavity of this
loop, making van der Waals interactions with other atoms in
the vicinity (Table 5 and Fig. 10). Furthermore, we see that
Phe288 adopts a left-handed helical backbone conformation,
usually associated with glycine and asparagine residues.
Thus, decreasing the size of the side chain of Leu282, as in
the L282A mutant, would most probably change the confor-
mation of the loop or increase its conformational flexibility.
Consequently, this would compromise the cross-gorge inter-
actions shown in Figs. 8 and 9, resulting in the observed loss
of activity and the surmised loss of stability. Similar consid-
erations would apply to the destabilization achieved by anal-
ogous substitution of Trp279 and Ser291 by amino acids with
smaller side chains. However, although the destabilization
produced by the S291G mutation is rather similar to that
produced by the 1L.282S or L282A mutation, that produced by
the W279A mutation is much smaller. This difference may
tentatively be ascribed to the fact that the principal interac-
tion of Leu282 is with Ser291, and vice versa, both side
chains being almost completely buried. As can be seen from
Table 5, Ser2910” makes van der Waals contacts with both
Leu282C” and L282C®%2. In the case of Trp279, the indole
ring, although hydrophobic, is largely oriented outwards,
toward the active-site gorge, where it is available for inter-
action with peripheral site ligands (Harel et al., 1992, 1993,
1995; Bourne et al., 1995) and it makes a single, weaker
interaction via its C<® atom with Leu282C?". It is of interest
that within the loop, two buried waters, Wat580 and Wat584,
appear to contribute to stabilization via van der Waals inter-
actions and hydrogen bonds.

The effects of the various reversible inhibitors on the sta-
bility of the mutant enzyme(s) are also of interest, although
for the peripheral site ligands, no crystallographic data are
available to reveal details of their interaction with the AChE,
and it would be difficult to obtain meaningful assignments
from docking studies. This was evident from comparison of
the X-ray structures of complexes, e.g., of fasciculin/AChE
(Harel et al., 1995) and of huperzine A/AChE (Raves et al.,
1997), with the structures predicted by docking. The data for
thermal denaturation of the L282A reveal that all of the
ligands examined, whether peripheral, active-site directed,
or spanning the two sites, stabilize the protein, with the
exception of d-tubocurarine, the destabilizing effect of which
was the starting point for the current study. In general, the
binding energy conferred by a ligand might be expected to
stabilize the structure of a protein unless it binds better to
the transition state for unfolding than to the native ground
state. The data obtained on the effect of the various ligands
on chemical deactivation by DTP are rather unexpected.
Again, it was found that edrophonium and gallamine retard
deactivation, in agreement with our earlier observation that
edrophonium retarded inactivation of TcAChE by N-ethyl-
maleimide and p-chloromercurisulfonic acid (Steinberg et al.,
1990). Our finding that both the peripheral site ligand, d-
tubocurarine, and the active-site ligand, tacrine, enhance the
rate of inactivation, and that the latter has a strong effect on
the rates of inactivation of L282A, S291G, and W279A, was
quite unexpected. We earlier showed that N-methylacri-
dinium, the structure of which is rather similar to that of
tacrine and which, presumably, interacts with the anionic
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site at the bottom of the active-site gorge in a similar way
(Harel et al., 1993), does not affect chemical modification of
TcAChE by N-ethylmaleimide (Steinberg et al., 1990). Fur-
thermore, Abramson et al. (1989) found no effect of this
ligand on the irreversible modification of TcAChE by the
molluscan toxin onchidal. Indeed, in our present study, we
found that tacrine has little effect on chemical modification of
WT TmAChE. Because tacrine protects L282A against ther-
mal denaturation, it must be speculated that its binding to
the mutant enzyme produces a conformational change that
renders the sulfhydryl group of Cys231 more accessible to
chemical modification.

As presented in Results, comparison of the effect of the
same set of ligands on susceptibility of the rat G234(231)C
and G234(231)C/L289(282)A mutants to chemical modifica-
tion revealed broad overall similarity to what was observed
with the corresponding Torpedo mutants. However, it is of
interest that Bungarus fasciatus AChE is much less suscep-
tible to propidium and gallamine than the Torpedo enzyme,
but slightly more susceptible to d-tubocurarine (Cousin et al.,
1996), as is also the case for the L282A/S and S291G TmA-
ChE mutants relative to the WT (see Table 2). In the absence
of crystallographic data, it is premature to attempt to ratio-
nalize these different patterns of susceptibility.

The experimental data presented, taken together with the
theoretical analysis, show how mutation of a single residue
at the periphery of a relatively large native protein structure
can affect its overall stability.
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Structure of acetylcholinesterase complexed with E2020
(Aricept®): implications for the design of new anti-Alzheimer drugs
Gitay Kryger'*, Israel Silman? and Joel L Sussman':3

Background: Several cholinesterase inhibitors are either being utilized for
symptomatic treatment of Alzheimer's disease or are in advanced clinical trials.
E2020, marketed as Aricept®, is a member of a large family of N-benzylpiperidine-
based acetylcholinesterase (AChE) inhibitors developed, synthesized and
evaluated by the Eisai Company in Japan. These inhibitors were designed on the
basis of QSAR studies, prior to elucidation of the three-dimensional structure of
Torpedo californica AChE (TcAChE). E2020 significantly enhances performance
in animal models of cholinergic hypofunction and has a high affinity for AChE,
binding to both electric eel and mouse AChE in the nanomolar range.

Results: Our experimental structure of the E2020-TcAChE complex pinpoints
specific interactions responsible for the high affinity and selectivity
demonstrated previously. It shows that E2020 has a unique orientation along
the active-site gorge, extending from the anionic subsite of the active site, at the
bottom, to the peripheral anionic site, at the top, via aromatic stacking
interactions with conserved aromatic amino acid residues. E2020 does not,
however, interact directly with either the catalytic triad or the ‘oxyanion hole’, but
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only indirectly via solvent molecules.

Conclusions: Our study shows, a posteriori, that the design of E2020 took
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advantage of several important features of the active-site gorge of AChE to
produce a drug with both high affinity for AChE and a high degree of selectivity
for AChE versus butyrylcholinesterase (BChE). It also delineates voids within the
gorge that are not occupied by E2020 and could provide sites for potential
modification of E2020 to produce drugs with improved pharmacological profiles.

Introduction

Obscrvations documenting adverse effects of anticholiner-
gic drugs on memory [1], taken together with postmortem
data that revealed low cholinergic activities in Alzheimer’s
disease (AD) patients [2], led to the hypothesis, known as
the ‘cholinergic hypothesis’, that AD is associated with an
impairment in cholinergic transmission [3-5]. This led to
the suggestion that cholincsterase (ChE) inhibitors would
reverse a putative deficit in acetylcholine (ACh) levels asso-
ciated with AD, and thus might reverse the memory impair-
ments characteristic of the disease [5,6]. Consequently, a
number of ChE inhibitors have been considered as candi-
dates for the symptomatic treatment of AD and have been
utilized in clinical trials. They include natural substances,
such as physostigmine [6] and huperzine A [7], both of
which are alkaloids, and synthetic compounds such as SDZ
ENA-713, also known as Exelon® [8], and metrifonate [9].
Recently, evidence was presented that acetylcholinesterase
(AChE) accelerates assembly of amyloid-B-peptides into
the amyloid fibrils that form the senile plaques characteris-
tic of AD [10]. It was suggested that a hydrophobic environ-
ment close to the peripheral binding site of the enzyme, at
or near the entrance to the active-sitc gorge, might be
involved in this process [11].

The first, and thus far the only, two drugs approved by the
United States Food and Drug Administration (FDA) for
trcatment of AD are both reversible inhibitors of AChE.
They are tacrine (THA), approved in 1993 and marketed as
Cognex® [12], and the more potent ChE inhibitor, E2020
((R,8)-1-benzyl-4-[(5,6-dimethoxy-1-indanon)-2-yljmethyl-
piperidine; Figure 1), also know by its trivial name done-
pezil hydrochloride and marketed as Aricept®, which was
approved in 1996 [13]. E2020 is a member of a large family
of N-benzylpiperidine-based AChE inhibitors that were
developed, synthesized and evaluated by the Eisai Company
in Japan [14], on the basis of QSAR studies [15,16], prior
to elucidation of the three-dimensional (3D) structure of
Torpedo californica AChE (TcAChE) [17]. It was shown to
significantly enhance performance in animal models of
cholinergic hypofunction [18], and to have high affinity for
ACHhE, binding to both electric eel and mouse AChE in the
nanomolar range [19]. THA and E2020 share the same target,
but whereas THA must be administered up to four times a
day, and is associated with hepatotoxicity, slow pharmaco-
kinetics and a high incidence of side effects, E2020 offers
the patient significant improvements by being adminis-
tered only once a day and having fewer side effects. Fur-
thermore, E2020 displays high sclectivity for AChE in
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Figure 1

Schematic drawing of E2020, (R,S)-1-benzyl-
4-[(5,6-dimethoxy-1-indanon)-2-yljmethyl-
piperidine. *C8 is the chiral carbon.

Dimethoxyindanone Piperidine

Benzyl

Structure

comparison to butyrylcholinesterase (BChE); this may be
important, as it has been suggested that inhibition of BChE,
which is abundant in human plasma, may cause potentiat-
ing side effects [20,21]. The affinity of E2020 for human
AChE is ~1000-fold greater than for human BChE, whereas
THA has a similar affinity for the two enzymes {22,23].

Attempts to explain the specificity of E2020, and of other
Eisai inhibitors, were made originally using QSAR and by
theoretical conformational analysis. Subsequent to determi-
nation of the 3D structure of 7cAChE, automated computa-
tional techniques based on the known coordinates were
employed [24,25]. Although the earlier modeling studies
attributed the differential specificity for AChE and BChE
to differences in the geometry within the active site [26],
the more recent studies suggested that E2020 and the other
Eisai compounds are oriented along the axis of the active-
site gorge and that the differential specificity can be attrib-
uted to structural differences in AChE and BChE at the top
of the gorge, at the ‘peripheral’ anionic site [14,24,25]. Our
experimental structure of the E2020-7¢cAChE complex
broadly confirms these latter assignments and pinpoints the
specific interactions that are responsible for the high affinity
and selectivity demonstrated previously.

Results and discussion

Overall structure

The overall structure of the E2020-7¢AChE complex at
2.5 A resolution is shown in Figure 2. The protein is dis-
played as a coil with the initial difference electron-density
map of E2020 superimposed as a ‘chicken-wire’ net. It can
be clearly seen that E2020 has a unique orientation along
the active-site gorge, extending from the anionic subsite of
the active site, at the bottom near Trp84, to the peripheral
anionic site, at the top near Trp279 (see Figures 3 and 4).
The 3D structure of the complex shows more detail of the
AChE structure than the starting native model (Protein
Data Bank [PDB] code 2ACE). Specifically, residues 2
and 3, at the N terminus, and the 484-490 loop, which
were not seen in the original model, can be discerned. In

addition, it was possible to model the proximal N-acetyl-
glucosamine (NAG) moiety at four out of five putative
glycosylation sites [27], namely at residues Asn59, Asn416
(where two moicties could be fitted), Asn457 and Asn533.
An analysis of the quality of the refined model is summa-
rized in Table 1.

All three segments of E2020 interact with AChE

As seen in Figure 5, E2020 makes principal interactions
along the active-site gorge of the enzyme through its three
major functional groups: the benzyl moiety, the piperidine
nitrogen, and the dimethoxyindanone moiety. These inter-
actions involve discrete water-mediated contacts that seem
to be crucial for binding and specificity.

Figure 2

Structure

Initial difference electron-density map, contoured at 4.56, based on the
native TcAChE structure (PDB code 2ACE) and the diffraction data for
the E2020-TcAChE complex.
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Figure 4

Phe330

/

Catalytic triad

Trp8a

Structure

E2020 binds along the active site and interacts with the ‘peripheral
anionic’ subsite at the top and with the ‘anionic’ subsite at the
bottom. E2020 is displayed in green semi-transparent CPK and ball-
and-stick representation, solvent molecules are shown as lilac balls,
catalytic triad residues are in orange, binding residues are shown as
purple sticks, and the solvent-accessible surface of the gorge is
shown as a brown net.

Interactions at the bottom of the gorge

Near the bottom of the gorge, one face of the benzyl ring
displays classic parallel n—r stacking with the six-membered
ring of the Trp84 indole, similar to the interaction with
THA [28]. It thus occupics the binding site for quaternary
ligands [28,29], which was also modeled for the quaternary
group of the natural substrate, ACh [17,26]. The ring-to-ring
distances range from 3.7 A between Trp84 C82 and E2020
C19 to 4.4 A between Trp84 Ce2 and E2020 G22.

On the opposite face, the benzyl group makes a classic
aromatic hydrogen bond (H bond) [30,31} with a water
molecule (WAT 1160), with distances to the ring carbons
of 3.5A-3.7 A. This solvent molecule is held firmly, as
assessed by a below-average temperature factor, by an
H bond to another solvent molecule (WAT 1161) in the
‘oxyanion hole’ and to WAT 1159 (see below). WAT 1161
is another example of a tightly bound water molecule with
a relatively low temperature factor; it makes an H bond
with the residucs of the oxyanion hole, namely with
Glyl18 N, Glyl19 N and Gly201 N, as well as with

Structure

The E2020-TcAChE complex. Ribbon diagram showing the complex
of the drug bound to the enzyme.

Ser200 Oy. Finally, the kinetic evidence showing that
E2020 binds to the free and the acylated forms of AChE
{32] is corroborated by our observation that E2020 does
not interact with the catalytic triad. Other interactions are
shown schematically in Figure 5.

Interactions in the middle of the gorge

In the constricted region, halfway up the gorge (Figures 3
and 4), the charged nitrogen of the piperidine ring makes
a cation—-7 interaction [33,34] with the phenyl ring of
Phe330, with distances of 3.9 A-4.5 A between the nitro-
gen and the ring carbons. The orientation of the phenyl
ring is similar to that seen in the complex of decametho-
nium (DECA) with T7(AChE (DECA-7¢AChE; PDB code
1ACL) [28]. The ring nitrogen also makes an in-line 2.9 A
H bond with WAT 1159, which, in turn, makes H bonds
with Tyr121 OH, with WAT 1158 and with WAT 1160
(see above). As already mentioned, the binding site for the
quaternary nitrogen of ACh, and for homologous ligands,
is the indole ring of Trp84 [17,26,28]. These data suggest
that Phe330 may serve as an additional quaternary binding
sitc, midway down the gorge, between the peripheral site
and the anionic subsite of the active site.

Interactions at the entrance to the gorge

At the top of the gorge the indanone ring stacks against the
indole ring of Trp279, in the peripheral binding site, by a
classical m—m interaction. Specifically, E2020 C1, C2, C6,
025, C26, 027 and C28 stack against the six-membered
ring of Trp279, with distances of 3.7 A-4.2 A. WAT 1249

lies in the plane of the indanone moiety, and H bonds to
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Table 1

Data collection and refinement statistics.

Data collection
Detector
Source/wavelength (A
Resofution range (A

Raxis-|!
Rigaku FR300 (50 mA, 50 kV), 1.54184 (Cu K.)
30.0-2.5

Number of reflections 34,264
Completeness (%) 98.1
Redundancy
value . 0 1 2 3 4 >5
accumulated (%) 1.9 15.7 44.3 334 4.5 0.2
/o
value 0 1 2 3 5 10 20 >20
accumulated (%) 5.5 14.2 234 30.7 41.2 57.6 78.1 20.0
Ryym (%) 5
Refinement

Number of protein non-H atoms
Number of hetero non-H atoms

49255 = 2137 mainchain + 2118 sidechain

Water molecules 396
Carbohydrate 70 =5 x 14 in five NAG groups
Inhibitor 28 in one E2020 group

Resolution (A) 2.5

Ruvorc (%) 18.8 (no o cutoff)

Riee (%0) 22.9 (no o cutoff)

B factor (A2); Average / ¢ / Mininum / Maximum
Protein 28.0/12.5/2.0 /90.2
Inhibitor 204/48/13.2/31.6
Carbohydrate 476/15.0/145/745
Water molecules 37.2/14.7/2.2/86.7

Rmsd bond length (A) -0.005

Rmsd bond angle (°) 1.2

Rmsd dihedral angle (°) 22.9

Rmsd improper angle (°) 0.98

Rym=Z| [~<I>| /2L, R o= Z|F -] |/SF,,. Ry, is calculated using 2000 random reflections.

the methoxy group of E2020 O25; it is also H-bonded to
Glu185 Oel of the symmetry-related crystal-lattice copy of
the enzyme. The carbonyl on the five-membered ring of
the indanone only interacts with AChE via edge-on van der
Waals contacts with the aromatic rings of Phe331 and
Phe290. It also makes indirect contact, via WAT 1254, with
Phe288 N. This finding might initially appear puzzling in
view of the fact that a homolog of E2020, which lacks this
carbonyl, was reported to be inactive [15]. Our structure-
based suggestion is that the van der Waals contacts made by
the carbonyl function help orient the indanone moiety to
make a favorable interaction with the indole ring of Trp279.
In the homolog which lacks this carbonyl function, the
indanone moiety would be less constrained and would con-
sequently make a poorer interaction with Trp279.

AChE selects the R form of E2020

The reported pharmacological studies on (R,S)-E2020
emphasize that both enantiomers are active; they have
similar pharmacological profiles [22,32], but show ~fivefold
difference in binding affinity for AChE: K;=3.35nM (R),
17.5 nM (8) [32]. Although we used the racemate in our
crystallographic study, we were not, therefore, surprised to
see only the R form in the experimental electron-density

maps (see Figure 6). The observed conformation is very
similar, if one allows for permitted adjustments of dihedral
angles, to the energetically minimized E2020 conformation
calculated with the InsightIl package [35], and it is also
similar to the ‘small molecule’ crystal structure of the pure
R enantiomer (T Steiner, R Boer and ] Kroon, personal
communication).

E2020 analogs

Variation of the inhibitor backbone

Kawakami ¢ a/. [14] showed that at least two rotatable
bonds on each side of the piperidine are needed to yield
the high affinity displayed by E2020 and some of its
analogs. We can now corroborate this observation by
showing that the two aromatic moieties of E2020 interact
closely with Trp84 and Trp279, while still maintaining the
Phe330-piperidine-nitrogen interaction. This array of
interactions calls for flexibility along the backbone of the
inhibitor. The number of rotatable links is also important
for optimal positioning of the aromatic systems of the
inhibitor against their enzyme counterparts. Indeed, when
two to three additional rotatable bonds are added between
the indanone and the piperidine, affinity further increases
(Table 2, lines 20-22), whereas adding rotatable bonds
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Figure §

Figure 6

Structure

Major interactions between E2020 and TcAChE. Classical H bonds
are shown as dashed lines, aromatic stacking and aromatic H bonds
are shown as black lines connecting matching colored planes.

between the piperidine and the benzyl ring lowers it
(Table 2, line 19). This distinction between adding rotat-
able bonds ‘above’ and ‘below’ the piperidine is likely to
be based on the distances between Phe330 and either
Trp84 or Trp279. Any change in the length of the spacer
between Phe330 and Trp84 would weaken the inter-
actions of the inhibitor with those sidechains. However,
limited elongation of the indanone—piperidine link might
allow more overlap of the indanone’s aromatic system with

that of Trp279.

Variation of the benzyl moiety

E2020 is highly sensitive to substitutions on the benzyl
moiety, as found by Kawakami and coworkers [14], who
noticed a general preference for substitution at the mera
(E2020 C20, C22) positions in comparison to the ortho
(E2020 C19, C23) and para (E2020 C21) positions (see
Table 2). Although these solution studies could not differ-
entiate between the two possible o77ho/meta substitutions, it
can been seen from the crystal structure how each position
would experience different environments with respect to
the lining of the gorge and the structural solvent molecules
within it. In general there is little space left between the
benzy! ring and the gorge surface (Figures 3 and 4), which

Structure

Two views of E2020 modeled in the initial difference Fourier map.
Only one enantiomer is observed in the crystal structure. The shape
of the electron density around the chiral carbon and the carbonyl
clearly resolve the R/S ambiguity. ‘Side’ and ‘front’ views of E2020
are shown modeled in the initial difference electron-density map
contoured at 4.56.

may explain the sensitivity to substitutions of this moiety.
The ring carbon at the para position is 3.2 A from
Glu199 Oel; thus a substituent must be both small and able
to make an H bond. Indeed, according to Kawakami e# a/.
[14], an analogue with a hydroxyl at this position binds with
higher affinity than the corresponding fluorine derivative
(Table 2, lines 9-12). A substituent at the mesa position,
E2020 C22, will point to a very small space left between
Glu199, His440 and Ser200 (the last two of which are
members of the catalytic triad). The other mera position, at
E2020 C20, points to a wider space partially bordered by
Gly117 and the ‘oxyanion hole’. In our structure, this space
is mostly occupied by solvent molecules and can accommo-
date a small, preferably negatively charged, substituent
(Table 2, lines 5-7). A cyclohexane in place of a benzyl ring
cannot make a -7 stacking interaction with Trp84, result-
ing in reduced affinity (Table 2, line 18).

Variation of the piperidine moiety

A piperazine in place of piperidine lowers the affinity of
the resulting analog by ~19-fold (Table 2, line 3), whereas a
piperidine with a nitrogen at the opposite position (in place
of E2020 C10) lowers the affinity by ~90-fold (Table 2,
line 2). A piperazine, although containing a nitrogen at a posi-
tion suitable for binding with Phe330, possesses a different
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Table 2

E2020 analogs.

Analog number

Constant

Variable R

Inhibition of AChE IC50 (nM) [14]

10.

11.

12.

o)
CH30

CHg—R—CHg—O
CH30

e}
CH3;0
CH30

_Q_

_NQ_
_N\/:\/N_
CH;
L)
F
v,
CHs
2w,
NO,
5
OMe
)

CH;

.

CH,

.

CH,

Y

CH,

z
L

(E2020)

CHs

480

94

220

1.8

9.5

40

100
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Table 2 continued

16.

17.

18.

OH4C

5

CH, 9.5
MeO,
O:N
CH2—© 160
CcoO
>10,000
H
5400
CH,
8.9

vo. _R_< >N_CH2@ 2a-N4 oo

OH,C

21.

22.

NOREY” .
N a0

charge distribution, whereas a piperidine with a nitrogen at
the opposite position does not allow a quaternary-T inter-
action with Phe330 to occur.

Variation of the indanone moiety

In general, substitutions on the indanone moiety have a
smaller effect than substitutions on the benzyl group [15].
"This is consistent with our crystal structure, as the indanone
moiety is located in the wide section of the funnel-like

entrance to the gorge. Thus, some sites of substitution
would point outwards towards the solvent, whereas others
would point into the central region of the gorge. However,
substitution on the same edge as the carbonyl group
(C7 024), which is juxtaposed to the wall of the gorge,
would disrupt the parallel stacking to Trp279. This is con-
sistent with the observation of Cardozo ¢ «/. [15] that a
cyano substitution on E2020 C6 produces a relatively poor
inhibitor. Suitable substitutions on the other edge of the
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ring (namely E2020 C1, C2, C3 and C9) would be expected
to have little effect or, possibly, result in improved affinity.

Comparison of the E2020-TcAChE complex with other
complexes

The structures of native 7cAChE and of six different com-
plexes were overlaid according to their Cot positions,
namely native AChE (PDB code 2ACE) [36], and the com-
plexes with tacrine (THA; PDB code 1AC]) [28], DECA
(PDB code 1ACL) [28], m-(N,N,N-trimethylammonio)tri-
fluoroacetophenone (TMTFA; PDB code 1AMN) [29],
huperzine (HUP; PDB code 1VOT) [36], edrophonium
(EDR; PDB code 2ACK) and E2020 (PDB code 1EVE).
Two issues arise from comparison of these structures: the
role of Phe330, and the possible significance of structurally
conserved solvent molecules within the gorge.

Phe330 as a ‘swinging gate’

As seen in Figure 7, Phe330 adopts a wide range of con-
formations in the complex structures analyzed. These con-
formations can be assigned, primarily based on their )1
values, to three different groups. First, native, TMTFA,
HUP and EDR (yl1=-162°, -174°, -171° and -177°,
respectively). Second, THA (x1=157°). Third, E2020 and
DECA (x1=-130° and -117°, respectively). In group 1,
Phe330 adopts a similar conformation in the native enzyme
and in the complexes with ligands that bind near the bottom
of the gorge, with the exception of THA. This ligand
defines Group 2, in which x1 and %2 of Phe330 change so as
to permit its phenyl group to stack on top of the ligand, thus
forming a ‘sandwich’ with the indole of Trp84. The
common feature of Group 3 is the gorge-spanning ligand

Figure 7

that forces the aromatic ring of Phe 330 to swing out of the
way towards the gorge wall. It is also of interest that the
THA-T-AChE complex displays a different coriformation
for the indole group of Trp279 relative to native AChE and
the other complexes (x2 value of 30° versus about 90° for
the others). This provides some support for structural cou-

pling along the gorge between the anion subsite of the

active site and the peripheral anionic site, as suggested by
Shafferman and coworkers [37]. The conformational flex-
ibility displayed by the sidechain of Phe330, contrasted
with the relative rigidity of the other sidechains lining the
gorge, supports the notion that it contributes to the sig-
nificantly higher catalytic activity of AChE relative to
BChE, which lacks this residue. Site-directed mutagene-
sis studies [38,39] showed that elimination of this aro-
matic sidechain does not affect the K, for both charged
and uncharged ligands. It does, however, have a signifi-
cant effect on 4, which decreases ~fourfold for cationic
substrates, although it increases ~twofold for uncharged
substrates. Thus, via the quaternary-T electron interaction
clearly seen in the E2020 complex, it may serve to guide
ACh towards the active site, while simultaneously isolat-
ing the reaction center from the rest of the gorge. In fact,
substrate traffic down the gorge may actually occur con-
comitantly with a swinging movement of Phe330. Similar
ideas have been proposed on the basis of molecular dynam-
ics studies [40,41].

The solvent

In the E2020-7-AChE complex, 25 ordered waters can be
seen within the gorge. If one overlays this structure with
that of the native enzyme and of five other complexes, as

Native

TMTFA

Tacrine

Huperzine

Edrophonium

Overlay of native TcAChE and six complexes.
The flexibility of Phe330 in comparison with
the rigidity of the rest of the gorge can be

:WAO seen. Backbone trace and key residues are
represented by thin lines, Phe330 by thick
. ~ lines and inhibitors are shown in ball-and-stick
Decamethonium -3~ Ar representation. *A ChemDraw® representation
* of ACh is shown for purposes of comparison.

m\T"/\;
&
a o
oee

Structure




Figure 8

Structure

‘Empty’ spaces, where no ordered solvent molecule is observed, can
accommodate a substituent branching from the inhibitor. Voids within
the gorge are displayed in yellow, the solvent-accessible surface of
E2020 is in purple, the solvent-accessible surface of the gorge is
shown as a brown net, the CPK model of the solvent molecules is in
lilac, residues near voids are in light blue, and the catalytic triad is
represented by orange sticks.

shown in Figure 7, one can sce that most of these waters are
conserved (G Koellner, GK, IS, JLS and T Steiner, unpub-
lished results). In the E2020 structure, in fact, only three of
the conserved waters seen in the native enzyme are dis-
placed. From this one can conclude that a large ligand, such
as E2020, fits into the gorge by displacing primarily the
unbound solvent molecules. Many of the conserved waters
appear to adherc to the gorge wall and may, perhaps, be
considered as an integral part of the structure of the gorge
rather than as voids. This may be especially important in
relation to drug design (scc below), as well as in molecular
dynamics studies. It should also be noted that water mol-
ecules not observed in the native structure are seen in the
E2020 complex, where they bridge between the inhibitor
and the enzyme. Specifically WAT 1159, WAT 1160 and
WAT 1254 (see Figure 5) are ‘novel’ structured waters not
previously seen in the native structure, while five ordered
waters in the native structure are displaced.

Structure-based modification of E2020

Chemical modification of an already effective drug can
often improve its pharmacological profile in terms of affin-
ity and specificity. The calculated ‘empty’ spaces within
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the gorge (see Figures 4 and 8), which are revealed in the
3D structure of the E2020-AChE complex, point to candi-
date sites on the inhibitor where added functions might
indeed enhance its pharmacological profile. Separation of
enantiomers, which are chemically indistinguishable by
non-chiral environments, is difficult, inefficient and costly.
In the case of E2020, we suggest that introduction of a
second chiral center, with concomitant generation of a
diastereomer system, would facilitate isolation of an active
component from the mixture so generated [42,43]. Inspec-
tion of the empty spaces left within the aromatic gorge by
the ordered solvent and by E2020 reveals a finger-shaped
void at the acyl-binding pocket. This pocket, defined by
Phe288, Phe290, Phe331 and Trp233, could envelop a
non-polar substituent branching from the piperidine ring at
position E2020 C12. Such a substitution, which would fit
into the ‘acyl pocket’, combined with the existing chiral
center, would produce a separable diastereomeric inhibitor.

"The recent observations concerning the effect of peripheral-
site ligands on AChE-enhanced amyloid deposition [10],
mentioned above, raise the possibility that E2020, which
our data clearly show as stacking against Trp279, might
also moderate the rate of fibril formation. Many of the com-
pounds synthesized and tested by the Eisai company
involved modification of this segment of the molecule
[15,16]. Nevertheless, it should be borne in mind that the
screening that they carried out involved assessment of
affinity for AChE, together with selectivity for AChE rela-
tive to BChE, but not a possible effect on amyloid fibril
assembly or deposition.

Biological implications

Acetylcholinesterase (AChE), the enzyme that hydrolyzes
the neurotransmitter acetylcholine (ACh) at cholinergic
synapses [44], is the target of the first generation of drugs
for the treatment of Alzheimer’s disease. E2020 is the
second drug targeted at AChE approved for use by the
FDA for treatment of this condition. As design and devel-
opment of the drug preceded the determination of the 3D
structure of AChE, it was of interest to use X-ray crystal-
lography to clearly delineate the structural factors govern-
ing its selectivity and specificity. This was particularly
important because E2020 bears no structural resemblance
to other anticholinesterase drugs either approved or under
advanced clinical trial, such as tacrine, huperzine A and
ENA-713 [45]. Our study shows, a posteriori, that the
design of E2020 took advantage of several important fea-
tures of the active-site gorge of AChE to produce a drug
with both high affinity and a high degree of selectivity for
the enzyme, but not for butyrylcholinesterase (BChE).
The high affinity results from interaction of E2020 with
the aromatic residue involved in recognition of ACh at
the bottom of the gorge, Trp84, with a second aromatic
residue at the midpoint of the gorge, Phe330, and with a
third residue, Trp279, which is part of the peripheral
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anionic site at the top of the gorge. The fact that these two
latter residues are conserved in AChE, but absent in
BChE, leads to the selectivity that may be an important
clinical consideration, as inhibition of BChE may cause
potentiating site effects. Our study also delineates voids
within the gorge of AChE that are not occupied by E2020,
which could serve as sites for modification of E2020 to
produce drugs with greater affinity and/or selectivity for
ACHhE. It is worth noting that the 3D structure of Torpedo
california AChE (TcAChE) is very similar to those of
both mouse [46] and human AChE [47]. Thus, the con-
clusions drawn from the structure of the E2020-7cAChE
complex should be valid for the mammalian enzyme.

Finally, analogs of E2020 are under consideration as a
possible new class of insecticides [48]. The structure of
Drosophila AChE has recently been solved to 2.7 A reso-
lution in our laboratory [49] (M Harel, GK, H Green-
blatt, L. Toker, W Mallender, TL Rosenberry, T Lewis,
IS and JLS, unpublished results). Although Drosophila
ACHE shares overall structural features with the Torpedo
and human enzymes, it also displays marked differences.
Our combined knowledge of the vertebrate and inverte-
brate enzymes should be valuable in developing effective
insecticides that combine high specificity for the insect
enzyme with low toxicity in humans.

Materials and methods

Protein preparation and crystallization

TcAChE was purified and crystallized as described previously [36].
E2020, as the hydrochloride salt of the pure racemate, was a generous
gift from Dr BP Doctor (Division of Biochemistry, Walter Reed Army Insti-
tute of Research, Washington, DC). TcAChE crystals of trigonal morphol-
ogy were soaked for five days at 4°C in mother liquor (36% PEG 200,
10 mM NaCl, 50 mM MES, pH 5.8) containing ~10 mM (RS) E2020.

X-ray data collection and processing

The X-ray data were collected from a single crystal that was flash cooled
in a 100K nitrogen stream after exchanging the exterior solvent drop with
a coating of Exxon high viscosity motor oil [50]. Data were collected in-
house, at the Weizmann Institute, utilizing a Rigaku RAXIS-I! image-plate
system, and a Rigaku FR300 X-ray generator employing a copper target
set at 50 mA and 50 kV. The data-collection scheme was optimized by
use of the software STRATEGY [51], and consisted of 81 frames of
0.5° rotation and 30 min exposure time each. The diffraction data were
extracted from the frames using the software package HKL [52], result-
ing in a 98.1% complete dataset of 34,264 reflections, overall Rym of
5% and overall l/sigma ratio 13.8 (see Table 1).

Model refinement and analysis

The structure was refined using the starting model of native TcAChE
(PDB code 2ACE) with the program X-PLOR version 3.851 [53]. Refine-
ment employed all 30~2.5 A data. Following overall anisotropic B-factor
and bulk-solvent corrections, the structure was first refined as a single
rigid body. Subsequently, refinement was carried out on individual atoms,
with restraints, using simulated annealing alternating with positional and
temperature-factor refinement. The model was fitted to the observed
electron density using the software O [64] on a Silicon Graphics work-
station. This program was also used to overlay analogous models by
least-squares minimization of Cot positions. The intermediate and final
models were analyzed using the software OOPS [55], PROCHECK [56]
and WHATCHECK [57], and corrections to the model based on these

analyses were implemented (see Table 1). Voids of minimal continuous
volume of one spherical cubic angstrom were calculated using the soft-
ware SurfNet [58], between the inhibitor molecule as one entity and the
protein and solvent molecules, taken together, as a second entity.

Accession numbers
The PDB code of the E2020-TcAChe complex is IEVE.
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Abstract

Determination of the three dimensional structure of Torpedo Californica  acetyl-
cholinesterase (TcAChE) provided an experimental tool for directly visualizing interaction
of AChE with cholinesterase inhibitors of fundamental, pharmacological and toxicological
interest. The structure revealed that the active site is located near the bottom of a deep
and narrow gorge lined with 14 conserved aromatic amino acids. The structure of a
complex of TcAChE with the powerful ‘transition state analog’ inhibitor, TMTFA, sug-
gested that its orientation in the experimentally determined structure was very similar to

s that proposed for the natural substrate, acetylcholine, by manual docking. The array of
enzyme-ligand interactions visualized in the TMFTA complex also are expected to envel-
ope the unstable TI that forms with acetylcholine during acylation, and to sequester it
from solvent. In our most recent studies, the crystal structures of several ‘aged’ conjugates
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of TeAChE obtained with OP nerve agents have been solved and compared with that of
the native enzyme. The methylphosphonylated-enzyme obtained by reaction with soman
provides a useful structural analog for the TI that forms during deacylation after the
reaction of TcAChE with acetyicholine. By comparing these structures, we conclude that
the same ‘oxyanion hole’ residues, as well as the aromatic side chains constituting the
‘acyl pocket’, participate in acylation (TMTFA-ACHhE) and deacylation (OP—AChE), and
that AChE can accommodate both Tls at the bottom of the gorge without major confor-
mational movements. © 1999 Elsevier Science Ireland Ltd. All rights reserved.

Keywords: Soman; Trifluoroketornes; Tetrahedral intermediate; X-ray crystallography

1. Introduction

The three-dimensional structure of acetylcholinesterase (EC 3.1.1.7) from Tor-
pedo californica (Tc AChE) [1], together with kinetic, spectroscopic and site-directed
mutagenesis studies, has permitted tentative identification of the amino acid
residues that interact with the natural substrate, ACh, during catalysis (reviewed in
[2]). The AChE active site presently is believed to possess an oxyanion hole, an acyl
binding pocket, and a choline binding site (formerly called the ‘anionic site’). Direct
demonstration of these subsites with natural substrates has not yet been achieved
because of the inherent instability of the Michaelis complex and the acyl-enzyme.
To circumvent this limitation, we are studying the three-dimensional structures of
stable enzyme-inhibitor complexes as structural models for intermediates in car-
boxyl ester hydrolysis.

The reaction of ACh and other carboxy! esters with AChE is believed to proceed
through an unstable TI, or through a transition state resembling such a structure,
before collapsing to a short-lived (¢,, ~ 50 ps) acyl-enzyme [3] (Scheme 1). In the
reverse reaction, the acyl-enzyme undergoes nucleophilic attack and proceeds
through a second TI or transition state structure, and the regenerated enzyme is
expelled as the leaving group (Scheme 1, lower panel).

The trifluoroketone compound, TMTFA (Fig. 1), is a potent inhibitor of AChE
(apparent K;=15 fM) which forms a covalent complex with the enzyme, that
structurally mimics the theoretical acylation TI [4—6]. The TMTFA-AChE com-
plex, with a trimethylammonium group in the choline binding subsite of the
enzyme, is a good analog for the acylation TI of ACh (Scheme 1, upper panel).
However, this structure does not address alterations that may occur in the acyl-en-
zyme, or in the formation of the deacylation TI.

O-pinacolylmethylphosphonofluoridate (soman; Fig. 1) is an OP nerve agent that
reacts as a facile ‘hemisubstrate’ of AChE, mobilizing as much as 70% of the
enzyme’s natural catalytic power during inhibition [7]. OPs react with AChE to
produce a covalent intermediate but, unlike the fleeting acyl-enzyme formed during
carboxyl ester hydrolysis, the phosphoenzyme persists for many hours or days
(reviewed in [8]). After phosphonylation, soman undergoes a rapid dealkylation
reaction, called ‘aging’, to form a monoester anion adduct with the enzyme that is
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Scheme 1. Reaction of AChE with ACh. The scheme begins with the reversible enzyme—substrate
complex and ends with free enzyme. The top panel shows acylation and the lower panel shows
deacylation. The enzyme’s catalytic general base, probably N¢2 of His440, is depicted as :B, and the first
product is choline. Hypothetical tetrahedral intermediates are indicated by brackets. Note that the
TMTFA complex is expected to resemble the acylation TI (top panel), and the aged OP-AChE
conjugate is expected to resemble the deacylation TI (bottom panel).

indefinitely stable [9]. The aged methyl phosphonylated (MeP)-T¢cAChE complex
formed after reaction with soman is expected to share multiple structural features
with the unstable ACh deacylation TI [10,11].

In this report, we compare the structure of the TMTFA~TcAChE complex [6]
with that of MeP-Tc¢AChE, obtained by reaction with soman [12], with the goal of
identifying common topographical features of the theoretical acylation and deacyla-
tion TIs formed between ACh and AChE.

i |
R @N_
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I
R
3 °>>k
F
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Fig. 1. Chemical structures of soman and TMTFA.
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2. Materials and methods

2.1. Determination of MeP-AChE structure

Tc¢AChE was purified from electric organ, essentially as described [13], and the
pure enzyme was inhibited with a 2100-fold molar excess of soman. The OP-AChE
conjugate was allowed to undergo complete aging in solution. Aging was judged to
be greater than 95% complete because no reactivation was observed after incuba-
tion in 10 mM pyridine-2-aldoxime methiodide (2-PAM) or 1,1’-trimethylene-bis(4-
formylpyridinium bromide) dioxime (TMB-4) for 20 h. Unbound OP was separated
from the enzyme by gel filtration, and aged OP—AChE was crystallized using the
hanging drop method, with PEG-200 as precipitant in 0.15 M MES buffer, pH
5.8-6.0, 4°C. v

The exterior mother liquor which surrounds the crystals during their growth was
exchanged with oil to remove water, and the crystals subsequently were flash cooled
in liquid nitrogen [14]. Diffraction data were collected at 100 K using a Rigaku
Raxis-II camera on a Rigaku rotating anode FR300 generator ‘in-house’ at the
Weizmann Institute (Rehovot, Israel). X-ray diffraction data collection parameters
were optimized using the computer program STRATEGY [15], and intensity data
were processed with DENZO and SCALEPACK [16]. The OP structure was refined
using difference Fourier methods.

2.2. Structure comparison

The coordinates of the TMTFA-TcAChE complex (1ACH) were obtained from
the Brookhaven Protein Data Bank. Final refined structures were evaluated and
compared using the programs PROCHECK [17] and WHAT-IF [18]. Comparisons
of the main chain atom positions for each residue with those of native AChE were
performed to identify significant movements using the software PROFIT (SciTech
Software, University College, London, UK). Hydrogen positions were calculated
and figures generated using the program InsightIl v.97.0 (Biosym Technologies, San
Diego, CA).

3. Results and discussion

Reaction with soman resulted in an MeP-AChE structure that was refined at 2.2
A resolution (Fig. 2). The highest positive difference density peak, corresponding to
the OP, was observed to be within covalent bonding distance of the Oy of Ser200.
As expected, the large molar excess of OP resulted in almost exclusive reaction of
AChE with the more toxic, P(S) stereoisomers [19]. No significant change was
observed in the positions of the active site triad residues of the MeP-AChE
structure compared with those of native AChE or of the TMTFA-AChE complex
(Table 1).
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Fig. 2. Three-dimensional structure of the active site of MeP-AChE determined by X-ray crystallogra-
phy. The conjugate was obtained by reaction of T¢cAChE with soman. Note the proximity of four
possible hydrogen bond donors (dashed lines) to the anionic phosphonyl oxygen atoms: backbone amide
nitrogens of A201, G118, and G119, as well as N¢2 of H440. The OP methyl carbon is within
non-bonded contact distances (dotted lines) of F288 and F290 in the acyl pocket. For reference, the
Ca-traces of native- and OP-enzyme are overlaid.

A favorable electrostatic interaction between Ne&2 of the active-site imidazolium
and one of the oxygen atoms of the anionic OP conjugate was postulated to be a
key force in stabilizing aged monoisopropylphosphoryl (MiPrP)-trypsin [11,20], as
well as MiPrP-chymotrypsin [21]. The distance from the Ne2 of His440 to the
anionic oxygen in the MeP-AChE structure also is consistent with a favorable
interaction [12]. The geometry is consistent with either a coulombic salt bridge or
a strong hydrogen bond (Fig. 2).

Table 1
Active site distances in T¢cAChE structures (A)

Atom 1 Atom 2 Native AChE TMTFA complex MeP-AChE (soman)
$200 Oy H440 Ne2 2.7 2.7 3.2
H440 Nol E327 Oc¢l 2.5 2.7 24
H440 No1 E327 02 4.4 44 44
Oxyanion® GII9 N - 29 24
Oxyanion® GII8 N - 2.9 2.8
Oxyanion® A201 N - 32 3.0

* Refers to the carbonyl oxygen of TMTFA [6], or the phosphonyl oxygen of soman.
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TMTFA

Fig. 3. Comparison of the active sites of MeP-TcAChE (soman) and TMTFA-T7cAChE. The
MeP—AChE residues are shown as thick lines, TMTFA—AChHE residues are shown as thin dark lines,
and TMTFA is shown as a ball-and-stick model. Note that the tetrahedral geometries allow for close
superpositioning of the oxyanion hole oxygen atoms (dashed lines indicate potential H-bonds), as well
as of the methyl and CF, groups in the acyl pocket (dotted lines indicate potential non-bonded

contacts).

The phosphonyl oxygen atoms carry significantly greater fractional negative
charges than do the oxygens of the ACh deacylation TI [11,22]. Despite this
limitation, the active site of MeP—AChE is expected to provide a useful structural
analog for modeling steric interactions of the ACh deacylation TI [11,23].

The position of the phosphonyl oxygen should mimic that of the TI carbonyl
oxygen. The AChE oxyanion hole has been described as ‘three-pronged’ [6,24,25]
because it has three potential hydrogen bond donors. The MeP-AChE structure
corroborates that the oxyanion is stabilized in the deacylation TI by potential
hydrogen bonds from the amide nitrogens of G118, G119 and A201 (Fig. 2 and
Table 1). This is consistent with preliminary modeling of ACh bound to native
TcAChE [1], as well as with the structure of TMTFA-TcAChE [6]. The carbonyl
and phosphonyl oxygen atoms in the oxyanion hole are almost superposable for the
TMTFA— and MeP—AChE structures (Fig. 3), as expected from the common
tetrahedral geometry in both the acylation and deacylation TI structures. We note
that the amide nitrogen atom (donor) of A201 is consistently farther away from the
oxygen atom (acceptor) than are those of G118 or G119 (Table 1).
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3.1. Acyl pocket

A hydrophobic pocket which surrounds the phosphonate methyl group in the
MeP-AChE structure is formed by W233, F288 and F290. The phenyl rings of
F288 and F290 provide close non-bonded contacts to the methyl group of soman
(Fig. 2 and Table 2). Contacts from the acyl pocket to the phosphonate methyl
group are generally closer than are those observed for the CF; carbon atom of
TMTFA (Table 2). Site-directed mutagenesis studies, along with the TMTFA
structure, have emphasized the role of F288 and F290 in determining the specificity
of the acyl pocket for different substrates [6,24,26].

Although F288 and F290 have an established role in determining acyl pocket
specificity, that of W233 is less clear. Several lines of evidence point to a functional
role for W233: (1) both W233 and the adjacent proline (P232) are conserved in all
known AChE and BChE sequences; (2) distances from the geometric center of the
indole ring to the carbon atom of the CF, moiety of TMTFA, as well as to the
methyl group of the OP-AChE structure, suggest that W233 is positioned to
provide close hydrophobic contacts in the substrate TI (Table 2); and (3) replace-
ment of W233 in human BChE by alanine results in a 30-fold decrease in k,,, with
little effect on K, [28]. We also note that the positions of F288 and F290 are
flexible and change significantly upon binding of a bulky inhibitor, diisopropy-
Iphosphorofluoridate (DFP), whereas W233 does not move [12].

It has been proposed that F331 also participates directly in the acyl pocket [6].
The distance of F331 to the methyl group is, however, appreciably greater than are
those of F288, F290 or W233 (Table 2). An alternative possibility is that F331 plays
a cooperative role in the acyl pocket structure by providing stabilizing z-z-interac-
tions with the key aromatic side chain at F288. This hypothesis could be tested by
appropriate double mutant thermodynamic cycles [27,29,30].

Table 2
Acyl pocket distances in TcAChE structures (A)

From carbon® to: TMTFA complex MeP-AChE (soman)
F288P 5.1 4.8
F290° 5.6 4.7
w2330 4.8 4.4
F331® 5.6 5.4
G119Cu 43 3.8

2 Straight line distances from the carbon atom of the phosphonate methyl group, or the carbon atom
of the CF; group of TMTFA [6].

b Distances shown are to the geometric center of the phenyl or benzopyrrole rings of the indicated side
chain.
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3.2. No conformational movement upon binding TI analogs

In the OP—AChE structure, the overall fold of the protein is very similar to that
of the native enzyme or the TMTFA-AChE complex, suggesting that - 7cAChE
accommodates the TI for both the acylation and the deacylation reactions at the
bottom of the active site gorge without major conformational movements. In
contrast, several related serine lipases with extensive secondary structure homology
to AChE [31] undergo a major conformational movement of a ‘lid’ region in the
protein structure upon reaction with OP transition state analogs [32,33].

Although there is evidence for conformational changes associated with aging of
some OP—AChE, —BChE, and -chymotrypsin conjugates in solution [34-36], we
found no major structural rearrangements in TcAChE as a result of the aging
reaction itself. The rms deviation found by comparing the Co atoms of the
MeP-AChE structure with native AChE was less than 0.3 A. Moreover, superpos-
ing the active site residues of MeP-AChE upon those of native TcAChE (Table 1),
as well as of 13 other previously solved TcAChE structures, showed no significant
movements that could be attributed to aging. It remains possible, however, that a
transient conformational change occurred on the pathway to the final aged struc-
ture observed by X-ray crystallography. This possibility may be addressed by
ongoing X-ray crystallographic studies of OP—~AChE complexes that are not aged.
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Three-dimensional structure of a complex of E2020 with
acetylcholinesterase from Torpedo californica
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Abstract — The 3D structure of a complex of the anti-Alzheimer drug, E2020, also known as Aricept®, with Torpedo californica
acetylcholinesterase is reported. The X-ray structure, at 2.5 A resolution, shows that the elongated E2020 molecule spans the entire
length of the active-site gorge of the enzyme. It thus interacts with both the ‘anionic’ subsite, at the bottom of the gorge, and with the
peripheral anionic site, near its entrance, via aromatic stacking interactions with conserved aromatic residues. It does not interact directly
with either the catalytic triad or with the ‘oxyanion hole’. Although E2020 is a chiral molecule, and both the S and R enantiomers have
similar affinity for the enzyme, only the R enantiomer is bound within the active-site gorge when the racemate is soaked into the crystal.
The selectivity of E2020 for acetylcholinesterase, relative to butyrylcholinesterase, can be ascribed primarily to its interactions with
Trp279 and Phe330, which are absent in the latter. (©Elsevier, Paris)

Résumé — Structure d’un complexe de E2020 avec I’acétylcholinestérase de Torpedo californica. La structure 3D d’un complexe
formé par une drogue anti-Alzheimer E2020 aussi connue sous le nom de Aricept® avec I"acétylcholinestérase de Torpedo californica
est décrite. La structure aux rayons X, 2 la résolution de 2.5 A, montre que la molécule allongée E2020 s’étire sur I’entire longueur
de la gorge catalytique de I'enzyme. Elle interagit donc 2 Ia fois avec le sous-site anionique, au fond de la gorge et avec le site périphérique

anionique, prés de Ientrée par les interactions avec les résidus conservés aromatiques empilés. (©Elsevier, Paris)

Alzheimer’s disease / drug design / peripheral site

1. Introduction

Acetylcholinesterase (AChE) terminates synaptic
transmission at cholinergic synapses by rapid hydro-
lysis of acetylcholine (ACh) [15]. Anticholinesterase
agents are used in the treatment of various disorders
[21], and have been proposed as therapeutic agents
for the management of Alzheimer’s disease [7]. Two
such anticholinesterase agents, both of which act as
reversible inhibitors of AChE, have been licensed by
the FDA: tacrine (1,2,3,4-tetrahydroacridine) [6], un-
der the trade name Cognex®, and, more recently,
E2020 ((R,S-1-benzyl-4-[5,6—dimethoxy-1-indanon~
2-yl]methylpiperidine) [18], under the trade name
Aricept®. Tacrine and E2020 share the same target,
but, whereas tacrine must be administered up to four
times a day, and displays hepatotoxic side effects,
E2020 may be administered once daily, and has fe-
wer side effects. Furthermore, E2020 displays very
high selectivity, ~1000-fold, for AChE relative to bu-
tyrylcholinesterase (BChE), whereas THA has simi-
lar affinity for the two enzymes. This may be
important, since it has been suggested that inhibition
of human plasma BChE may cause potentiating side
effects [23].

The active site of AChE contains a catalytic sub-
site, and a so-called ‘anionic’ subsite, which binds
the quaternary group of ACh [15]. A second, ‘pe-

ripheral’, anionic site is so named since it is distant
from the active site [22]. Bisquaternary inhibitors of
AChE derive their enhanced potency, relative to ho-
mologous monoquaternary ligands [13], from their
ability to span these two ‘anionic’ sites, which are
ca. 14 A apart.

The 3D structure of Torpedo californica (Tc) AChE
[20] reveals that the active site is located at the bottom
of a deep and narrow cavity; named the ‘aromatic
gorge’, since > 50% of its lining is composed of the
rings of 14 conserved amino acids [1, 20]. The peri-
pheral site is located at the entrance to the gorge [8].

X-ray crystallographic studies of complexes of
AChE with drugs of pharmacological interest can re-
veal which amino acid residues are important for
binding the drug, and where space might exist for
modifying the drug itself, information crucial for
structure-based drug design. In the following, we
describe the crystallographic structure, at 2.5 A re-
solution, of a complex of E2020 with TcAChE.

2. Materials and methods

2.1. Protein preparation and crystallization

TeAChE was purified and crystallized as described pre-
viously [16]. E2020, as the hydrochloride salt of the pure race-
mate, was a generous gift from Dr. B.P. Doctor (Division of
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Biochemistry, Walter Reed Army Institute of Research, Wa-
shington, DC, USA). TeAChE crystals were soaked in ~10 mM
(R,$)E2020 for 5 days at 4 °C, and flash cooled to 100°K.

2.2. X-ray data collection and processing

Data were collected ‘inhouse’, at the Weizmann Institute of
Science, on a Rigaku FR300 generator set at 50 mA, 50 kV and
1.54184 A wavelength (Cu K radiation), equipped with a R-AXI-
SII detector.

2.3. Model refinement and analysis

The structure was refined on the basis of the starting model of
native TeAChE (PDB ID 2ACE), using only the polypeptide and
none of the solvent atoms, employing XPLOR [2]. Voids were
calculated between the inhibitor molecule as one entity, and the
protein and solvent molecules as a second entity [12].

3. Results and discussion

The 3D structure of the complex shows more de-
tail of the AChE structure than the starting native
model (2ACE). Primarily, residues 2 and 3, at the
N-terminus, and the 484-490 loop, which were not
seen in the original model, can be discerned. In ad-
dition, it was possible to model the proximal Nacetyl
glucosamine (NAG) moiety at four out of five pu-
tative glycosylation sites, viz. at residues Asn59,
Asnd16 (where two NAG moieties could be fitted),
Asn457 and Asn533.

3.1. All three segments of E2020 interact with AChE

E2020 binds along the active site gorge. All three
major segments of the elongated molecule make spe-
cific interactions with the enzyme, and each of these
interactions involves discrete watermediated contacts
which appear crucial for specificity (figure 1). E2020
makes principal interactions with the enzyme
through: 1) the benzyl moiety; 2) the piperidine ni-
trogen; and 3) the dimethoxyindanone moiety. It uti-
lizes the conserved aromatic residues which line the
gorge for hydrophobic and stacking interactions, and
does not make direct contact with the protein
through H-bonds or salt-bridges other than via water
molecules. .

3.2. Interactions at the bottom of the gorge

Near the bottom of the gorge, one face of the ben-
zyl ring stacks against the six-membered ring of the
indole moiety of Trp84, similarly to THA [8]. On
the opposite face, it makes a classic aromatic hy-
drogen bond with a water molecule (WAT1160). This
water is held firmly by a hydrogen bond to another
water molecule (WAT1161), in the ‘oxyanion hole’,

and to WAT1159. WAT1161 is another example of
a tightly bound water molecule; it hydrogen bonds
to residues in the ‘oxyanion hole’ and to S2000.
E2020 does not interact directly either with the ca-
talytic triad or with the ‘oxyanion hole’.

3.3. Interactions in the middle of the gorge

In the constricted region, halfway up the gorge,
the charged nitrogen of the piperidine ring makes a
cation-7_interaction [5] with the phenyl ring of
Phe330. The ring nitrogen also makes an in-line H-
bond with WAT1159. The principal binding site for
the quaternary nitrogen of ACh within the active site,
and for homologous ligands, is the indole ring of
Trp84 [9]. These data suggest that Phe330 may serve
as an additional quaternary binding site, of possible
functional significance, midway down the gorge, be-
tween the peripheral binding site and the anionic
subsite of the active site.

3.4. Interactions at the entrance to the gorge

At the top of the gorge, the indanone ring stacks
against the 6-membered ring of the indole moiety
of Trp279, in the peripheral binding site, in a classic
parallel -1 interaction. The fact that the binding of
E2020 is strongly dependent on interaction with
Trp279 and Phe330, which are absent in BChE, may
explain its high relative specificity for AChHE versus
BChE. The carbonyl function on the indanone is not
in direct contact with the protein, but appears to
make a water-bridged contact with F288N.

3.5. Only one enantiomer of E2020 is bound to AChE

The reported pharmacological studies on E2020
emphasize that both enantiomers are active, and ex-
hibit similar, but not identical, binding affinities for
AChE [11, 19]. Since we used the racemate in our
crystallographic study, we expected either to find
evidence, in the form of electron density, for the pre-
sence of both enantiomers in the crystal structure,
or partial disorder which would support the presence
of both. Yet, when we attempted to fit a number of
plausible inhibitor conformations within the active-
site gorge, a unique fit to the experimental electron
density was found for one conformation of the R
form, which is very similar to our energetically mi-
nimized E2020 conformation, with the indanone car-
bonyl group pointing towards F288N as mentioned
above. Thus, TcAChE appears to have bound the R
form selectively, despite the similarity in binding
constants. Selective binding cannot be due to a li-
mitation in the amount of the S form, since the ra-
cemate was soaked into the crystal at 10 mM, ie.,
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! at a great molar excess. Although the two of E2020
interconvert readily in aqueous solution, via a
ketoenol intermediate [14], it is not immediately ob-

: vious what could cause such a preferential binding

{ of one form, taking into account their similar affi-

i nities. It should, however, be borne in mind that not

only are the ligand and active site chiral, but also

the entire lattice of the crystalline enzyme. Such a

chiral environment might cause the stereoisomers to

tautomerize at different rates. Based on steric con-
siderations, it appears that both the R and §
enantiomers could bind in very similar conforma-
tions, with only the position of the carbonyl function
on the S5-membered ring of the indanone moiety
distinguishing between them. A model which we built
displaying a carbonyl on the other side of the indanone,

Figure 1. Binding modes of E2020 to
TcAChE. E2020 are displayed as a ball-
and-stick model (chiral center marked
with black star); direct binding residues
are represented as dark grey sticks; water-
mediated binding residues as light grey
W84  sticks; water molecules as light grey balls;
‘standard’ H-bonds as heavy dashed lines;
aromatic H-bonds, -cation and -stacking
as light dashed lines.

representing the S form, does not make contact with
any protein atom, and thus might be bound less tigh-
tly than the observed R form, even though this is
inconsistent with the published inhibition data [11].
Furthermore, the 4.0 A link between the indanone
carbonyl and F288N, whether bridged by a water
molecule or not, combined with the fact that the
carbonyl ‘nests’ amongst three aromatic systems of
residues Phe288, Phe290 and Phe331, might be suf-
ficient to introduce a bias in favor of preferential bin-
ding of the R form. As already mentioned, R-S
interconversion, via tautomerization, is known to occur,
and might indeed take place under the experimental
conditions employed. 11ius, one explanation for the in-
hibitory potency of the S form would invoke AChE-
induced S-to-R tautomerization.
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3.6. Possible effect on amyloid deposition

Recently, evidence was presented that AChE may
contribute to the generation of amyloid proteins and/or
physically affect the process of fibril assembly which
results in the formation of the senile plaques char-
acteristic of AD [10]. The acceleration in fibril assem-
bly produced by AChE could be retarded by the
peripheral site inhibitor, propidium, and it was Sugges-
ted that a hydrophobic environment close to the peri-
pheral binding site might be involved in this process
[17). This raises the possibility that E2020, which our
data clearly show as stacking against Trp279, might
also moderate the rate of fibril formation. Many of
the compounds synthesized and tested by the Eisai
company involved modification of this segment of
the molecule [3, 4]. It should be noted, however, that
the screening which they performed involved as-
sessment of affinity for AChE, together with selec-
tivity for AChE relative to BChE, not a possible
effect on amyloid fibril assembly or deposition.
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The concept of an electrostatic motif on the surface of
biological macromolecules as a definite topographical
pattern of electrostatic potentials in three-dimensional
space, provides a powerful tool for identification of func-
tionally important regions on the surface of structurally
related macromolecules. Using this approach, we identify
a functional region common to cholinesterases (ChEs) and
to a set of neural cell-adhesion proteins that have been
suggested to be structurally related to cholinesterases due
to their high sequence similarity, but lacking the key
catalytically active serine. Quantitative analysis of the
electrostatic surface potential in the area surrounding the
entrance to the active site of acetylcholinesterase, and in
the analogous zone for the ChE-like domain of the adhesion
proteins reveals very good correlation. These findings,
examined in the context of previous evidence involving this
same region in a possible cell-recognition function for
ChEs, leads us to define a class of adhesion proteins which
we have named ‘electrotactins’.

Keywords: acetylcholinesterase/cell
nervous system/homology modelling

adhesion/electrostatics/

The concept of an electrostatic motif on the surface of
biological macromolecules as a definite topographical pattern
of electrostatic potentials in three-dimensional space (3D),
provides a powerful tool for identification of functionally
important regions on the surface of structurally related macro-
molecules (Honig and Nicholls, 1995). This pattern can only
be defined in the context of molecules of similar 3D structure,
for only in such a case is it possible to unambiguously orient
the motif with respect to zones of the related macromolecules
which might be functionally significant. We use this approach
to localize a functional region common to cholinesterases
(ChEs), a family of enzymes of the nervous system, and to a
set of neural cell-adhesion proteins, which includes gliotactin
(GLI), neurotactin (NRT) and neuroligin (NL), that have been
suggested to be structurally related to ChEs due to their
high sequence similarity (Krejci ef al., 1991), but lack the
catalytically active serine. This enables us to identify structural
properties involved in possible cell-adhesion functions of ChEs.

Cholinesterases are a family of enzymes which fall broadly
into two types, acetylcholinesterase (AChE) and butyryl-
cholinesterase (BChE). They are distinguished primarily by
their substrate specificity: AChE hydrolyzes acetylcholine
(ACh) faster than other choline esters and is much less active
on butyrylcholine, whereas BChE displays similar activity
towards the two substrates (Mendel and Rudney, 1943;

© Oxford University Press

Chatonnet and Lockridge, 1989). Although the main physio-
logical function of AChE is believed to be termination of
impulse transmission at cholinergic synapses by rapid hydro-
lysis of ACh, the function of BChE is still unknown. The 3D
structure of AChE has been solved (Sussman et al., 1991),
and the high degree of identity among AChE and BChE
sequences has permitted construction of homology models of
the 3D structures of BChE (Harel et al., 1992) and of AChE
from different species. Inspection of these structures has shown
that the active site of the ChEs is located at the bottom of a
deep and narrow gorge. Examination of the 3D structure of
Torpedo californica AChE (TcAChE) showed the enzyme to
be characterized by a marked asymmetric spatial distribution
of charged residues, that were shown to roughly segregate into
a ‘northern’ negative hemisphere (taking the mouth of the
gorge as the north pole) and a ‘southern’ positive one (Ripoll
et al., 1993). This electrostatic pattern was shown to give rise
to a large dipole moment which was calculated to be ~1600
Debye and roughly oriented along the axis of the active-site
gorge (Ripoll et al., 1993; Tan ef al., 1993; Antosiewicz et al.,
1994). Electro-optical measures performed on AChE from
Bungarus fasciatus gave a value of ~1000 Debye, thus
confirming experimentally the order of magnitude of the
macrodipole (Porschke et al., 1996).

The asymmetric distribution of surface potentials was
thought to be essential for the fast catalysis effected by ChEs.
This assumption has been reevaluated in the light of site-
directed mutagenesis experiments on human AChe (hAChE)
in which up to seven charged residues in the vicinity of the
entrance to the active-site gorge were neutralized. The ensuing
drastic reduction of the asymmetric distribution of surface
potentials did not have a major effect on catalysis (Shafferman
et al., 1994). Brownian dynamics simulations of bimolecular
rate association constants for ACh and AChE also failed to
show a meaningful correlation between the distribution of
electrostatic surface potentials and catalysis (Antosiewicz et al.,
1996). A further analysis of the electrostatic properties of
the 3D structures and homology models of ChEs, aimed at
generating a detailed and quantitative topographical map of
the electrostatic surface potentials, identified the presence of
an ‘annular’ electrostatic motif of negative surface potential
around the entrance of the active site gorge (Felder et al.,
1998). The role of surface potentials in catalysis is not clear-
cut. It has been shown to play only a minor role in the case
of isozymes of trypsin differing by as much as 12.5 charge
units. The catalytic efficiency of these isozymes was shown
to be influenced not by electrostatic surface potentials, but by
a few charged amino acids localized close to the active
site. (Soman et al., 1989). These considerations drove us to
investigate whether the role of surface potentials in ChE might
be related to roles other than catalysis.

ChEs possess a 3D fold different from those of ‘classical’
serine-hydrolases, such as chymotrypsin or subtilisin. This
fold is called the o/B hydrolase fold (Ollis et al., 1992)
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and has been shown to characterize a family of hydrolytic
enzymes of widely different phylogenetic origin and substrate
specificity. Some of these enzymes, like the fungal triacyl-
glycerol lipases from Geotrichum candidum and Candida
rugosa (Cygler et al., 1993), show substantial sequence similar-
ity with ChEs. Other members of the family, like haloalkane
halogenase from Xenobacter autotrophicus and dienelactone
hydrolase from Pseudomonas sp., do not show significant
sequence similarity to the ChEs; but inspection of their 3D
structures shows that their polypeptide chain has the structural
core typical of the o/B hydrolase fold (Ollis ez al., 1992). A
systematic search of sequence databases has retrieved a large
number of proteins with a high degree of sequence similarity
to o/B hydrolases (Krejci et al, 1991). Inspection of the
sequences reveals that amongst an overwhelming majority of
enzymes, there are also a few proteins involved in cell
adhesion; these contain a ChE-like domain whose function is
most probably independent of hydrolase activity since the
active-site serine is mutated to a glycine. Amongst them are
the three proteins which we chose to investigate, because of
their presumed involvement in cell adhesion and signaling in
the nervous system.

GLI is a transmembrane protein transiently expressed on
peripheral glia of Drosophila melanogaster embryos and
required for formation of the peripheral blood-nerve barrier
(Auld et al., 1995). The C-terminal extracellular domain of
this protein shows substantial sequence similarity with ChEs.
Such similarity can also be found in the extracellular domain
of NRT, a transmembrane glycoprotein which is expressed in
neuronal and epithelial tissues during embryonic and larval
stages (Barthalay ef al., 1990; Hortsch et al., 1990). Sequence
similarities suggest that neuroligins (NLs), a family of
mammalian neuronal cell surface proteins that act as ligands
for B-neurexins (Ichtchenko ef al., 1995), also contain an
extracellular ChE-like domain. NLs and neurexins mediate
interactions between neurons and contribute to the specific
organization of synapses. All these proteins are involved in
heterophilic cell—cell interactions, suggesting that their ChE-
like domains possess a recognition function that has been
conserved from invertebrates to vertebrates. It is worth noticing
that both GLI and NRT display substantially higher sequence
similarity with TcAChE than with the D.melanogaster enzyme
(DmACHE) (Table I) and that the targets of their adhesive
functions have not yet been identified.

The sequence similarity between ChEs, NL, GLI and NRT
prompted us to build homology models of their extracellular
domains, both to confirm the presence of shared structural
motifs and to investigate the possibility that they might display
similar electrostatic characteristics. Our underlying assumption
is that the ChE-like domains of these adhesion proteins are
independently folded, and that neither their conformation nor
their electrostatic properties will be greatly affected by the
association with the non-ChE like regions of GLI, NL and NRT,
which are mostly transmembrane and intracellular (Figure 1).

The homology models were built with the automated
knowledge-based building tool Swiss-Model (Peitsch, 1995)
and validated as described previously (Felder et al, 1998).
The same modeling procedure was applied as a control to the
neutral lipase from G.candidum (GcLip) (Schrag and Cygler,
1993) whose 3D structure is known, to check for the bias in
modeling introduced by the templates. The modeling of GcLip
gave a structure very close to the actual 3D structure solved
by X-ray crystallography (o-carbon r.m.s. deviation ~1.1 A
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Table L. Percent sequence identity and similarity between electrotactins,
lipases and ChEs as given by the BestFit algorithm from the GCG package
(version 9, Genetics Computer Group, 575 Science Drive, Madison, WI
53711, USA)

Protein Percent identity to Percent similarity to
TcAChE (DmACHE) TcAChE (DmAChHE)

Cholinesterases

TcAChE 100.0 100.0

hAChE 57.6 85.0

mAChE 59.0 85.3

DmAChE 36.3 65.8

7-hAChE 57.6 85.0

hBChE 524 83.1

Adhesion proteins

NRT (Dros.) 31.1 (25.1) 57.7 (50.9)

GLI (Dros.) 30.6 (23.5) 61.0 (55.7)

NL (mouse) 32.3 60.1

Lipases

GcLip 29.4 56.8

rBSSL 31.2 61.4

CrCE 31.9 56.8

The values are calculated with respect to the sequence of 7cAChE.

from the 3D X-ray structure of GcLip). Since all the proteins
involved in this study possess about the same degree of
sequence identity as GcLip does with TcAChE (Table I), we
can reasonably assume our models to be close approximations
of the actual structures of these domains.

The electrostatic surface potentials of TcAChE (PDB entry
2ACE), GLI, NL and NRT were calculated solving the Poisson—
Boltzmann equation by the finite difference method (FDPB)
(Warwicker and Watson, 1982), using the DelPhi algorithm
(Gilson and Honig, 1988) as implemented in the GRASP
program (Nicholis et al., 1991). As a control, we checked the
distribution of surface potentials for other members of the
o/ hydrolase family to check whether the ‘annular’ electro-
static motif was a characteristic shared by most members of
this family. We chose three enzymes with a sequence identity
to ChEs similar to that of NL, NRT and GLI. The three
enzymes selected were cholesterol esterase from Candida
rugosa (Ghosh et al., 1995) (CrCE, PDB entry 1CLE), GcLip
(PDB entry 1THG) and bile-salt-stimulated lipase from rat
(tBSSL) (Kissel et al., 1989). In this last case the 3D structure
is not yet available, and a homology model was built following
the same procedure used for GLI, NRT and NL. We also
calculated the surface potentials for wild-type human BChE
(hBChE), for human AChE (hAChE) and for the mutant of
hAChE in which seven negatively charged residues near the
entrance of the gorge had been neutralized (7-hAChE). The
structures of 7-hAChE, NL, NRT GLI, GcLip, CrCE and
tBSSL were superimposed on that of TcAChE by a least-
squares fitting procedure implemented in the program
LSQMAN (Kleywegt, 1996), and placed in a common orienta-
tion in which the axis of the active-site gorge of TcAChE (as
defined by Antosiewicz er al, 1994) is aligned with the
cartesian Z-axis.

Our most significant result is shown in Figure 2. It is
immediately apparent that the electrostatic surface potential
contours of TeAChE, GLI, NRT and NL are strikingly similar.
Al three proteins show a characteristic ‘annular’ electrostatic
motif of negative potential around the zone homologous to the
active-site gorge of the ChEs. In contrast, GcLip, rBSSL and
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Fig. 1. Schematic representations of the domain organizations of GLI, NRT and NL.

CrCE appear to display a different topographical distribution
of surface potentials (Figure 2a).

In the case of the 7-hAChE mutant, neutralization of seven
negatively charged residues in the ‘annular’ region virtually
erases the electrostatic motif, while not affecting the negative
potential gradient within the active-site gorge. This distribution
of electrostatic surface potentials is very similar to that of
hBChE (Figure 2b). This finding correlates well with the
contention that the potential gradient inside the active-site
gorge makes a more important contribution to ChE catalysis
than the surface potentials around the rim of the active-site
gorge (Shafferman et al., 1994; Zhou et al., 1996).

In order to provide a quantitative measure of the electrostatic
motif of the molecules studied, we calculated the average
surface potential over a 20 A wide region of accessible surface
around the zone homologous to the entrance of the active site
gorge of TcAChE (which constitutes the common Z axis). This
region was divided into 1 A wide concentric sections, and the
average potentials in the sections were plotted and correlated
by a linear regression fit with the results obtained for TtAChE
(Table IT and Figure 3). GLI, NRT and NL are all characterized
by a high correlation coefficient and an average potential in
the ‘annular’ region very similar to that of TcAChE; in
addition, their potential gradient closely follows that of
TcAChE. Of the three lipases, only CrCE shows a high
correlation coefficient and an average potential similar to
AChE, but its r.m.s. deviation from the ChE-like fold is the
largest amongst all the proteins examined, and its potential
gradient is substantially different from that of TcAChE. It is
of interest that hBChE displays a lower average potential in
the ‘annular’ region and a very poor correlation coefficient, in
addition to a potential gradient similar to that of the lipases.

The biological significance of the electrostatic surface
potential of ChEs has been the subject of speculations, and
it has been proposed that it might have a non-catalytic
function (Shafferman ez al., 1994). There is mounting evidence

that ChEs may be involved in functions distinct from their
catalytic activity. During development of the nervous system
of vertebrates, expression of ChEs is associated with periods
of enhanced neurite outgrowth (Layer and Willbold, 1994;
Layer et al., 1993), suggesting that they might serve as
neuronal growth factors or cell-adhesion molecules. It has
been speculated that the site responsible for the non-catalytic
interaction of ChEs is localized close to the entrance of the
active-site gorge, perhaps overlapping with what has been
termed the ‘peripheral’ anionic site (PAS) of AChE, a possible
locus of regulation of enzymatic activity (Radic et al., 1991;
Eichler et al., 1994; Barak et al., 1995), which is located in
the region of the ‘annular’ electrostatic motif. In a recent
study, AChE was shown to promote neurite regeneration in
cultured adult neurons of the mollusk Aplysia (Srivatsan and
Peretz, 1997). The growth-promoting action of AChE was
shown to be independent of its catalytic function. Inhibition
of the active site did not influence the neurotrophic action of
AChE, but occupancy of its PAS suppressed neurite regenera-
tion (Srivatsan and Peretz, 1997). There is also evidence that
the PAS of AChE can enhance the rate of formation of amyloid
fibrils, a major component of the senile plaques found in the
brains of Alzheimer patients (Inestrosa et al., 1996). Strong
evidence for a common recognition mechanism in cell-adhesion
between ChEs, GLI and NLs comes from a recent study, in
which chimeric constructs of the C-terminal transmembrane
domain of NRT, fused to the extracellular cholinesterase-like
domains of DimAChE or TcAChE, were shown to be endowed
with the same heterophilic adhesion properties as wild type
NRT (Darboux et al., 1996).

Electrostatic complementarity between interacting proteins
has been found to be one of the major driving forces for
complex formation (McCoy et al., 1997). Mutagenesis and
electrostatic screening studies of the association rates between
barnase, a ribonuclease, and barstar, its inhibitor, have shown
the limiting step to be the formation of a binding transition
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Fig. 2. (a) GRASP representations of the distribution of electrostatic surfaces potentials for (a) TeAChE; (b) NRT; (¢) NL; (d) GLI; (e) CrCE; (f) 1BSSL;

(g) GeLip, showing the presence of the ‘annular’ electrostatic motif in the adhesion molecules and AChE. The values of surface potentials are expressed as a
spectrum ranging from +0.25kT/e (deep blue) through 0 kT/e (white) to —0.25 kT/e (deep red). At a temperature of 298.15 K, kT/e = 25.7 mV. The surface
potentials are calculated for a salt concentration of 0.145 M, with a cubic grid of linear dimensions of 65 A, a protein dielectric constant of 4 and a solvent
dielectric constant of 78. (b) GRASP representations of the distribution of electrostatic surface potentials for (a) hAChE; (b) TcAChE; (c) 7-hAChE and

(dy hBChE, showing the absence of the ‘annular’ motif in hBChE and its neutralization in the 7-hAChE mutant. Calculation and color coding of surface

potential values are the same as for Figure 2a.
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Table IL R.m.s. structural deviation (A) of the Cot atoms, average surface potentials (k7/e) and correlation coefficients for electrostatic surface potentials

between electrotactins, lipases and ChEs

R.m.s. deviation (A)
of Co atoms relative to TcAChE

Protein

Correlation coefficients for surface
potentials in concentric sections of

Average surface potentials
(kT/e) in the ‘annular’

(percent of matched residues) motif region the ‘annular’ motif region
Cholinesterases
TcAChE 0.00 (100) —2.272 1.00
hAChE 0.48 (97.9) -1.139 0.89
mAChE 0.31 (97.1) —1.409 0.80
DmAChE 0.77 (98.1) —2.358 0.86
7-hAChE 0.48 (97.9) —0.052 0.90
hBChE 0.42 (94.9) —0.724 0.66
Adhesion proteins
Nrt (Dros.) 1.19 (94.7) -2.132 0.83
Gli (Dros.) 1.12 (86.5) -1.194 0.94
NL-1 (mouse) 1.10 (84.6) —1.332 0.89
Lipases
GcLip 1.46 (64.4) —0.551 —0.45
rBSSL 0.85 (93.0) -0.020 0.59
CcLip 1.54 (71.5) —1.571 0.89

The values are calculated with respect to the 3D structure and electrostatic properties of 7cAChE.
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Fig. 3. Plots of average surface potentials measured in concentric sections
of the ‘annular’ motif region for hBChE, CrCe, GcLip, BSSL, NL, NRT,
GLI and TcAChE. The origin is placed on the axis of the active-site gorge
of TeChE (Antosiewicz et al., 1994) and the potential values are expressed
in units of k7/e, where k is Boltzmann’s constant, 7 the temperature in K
and e the electronic charge. At a temperature of 298. 15 K, kT/e = 25.7
mV.

state, in which the two proteins form a low-affinity non-
specific complex held together by long-range electrostatic
interactions (Schreiber and Fersht, 1996). We speculate that a
possible mechanism effected by the ‘annular’ motif might
be the facilitation of target recognition via low specificity
associations mediated by long-range electrostatic interactions
with a pool of ligands displaying a complementary motif,
followed by a subsequent docking step with the unique
functional ligand(s), to yield the final high affinity complex.
Some support for our hypothesis comes from the mode of
binding of AChE to one of its strongest inhibitors, fasciculin

II (FAS), a three-fingered polypeptide toxin from the venom
of the green mamba (Karlsson et al., 1984). These polypeptide
snake venom toxins constitute a family of 6-8 kDa proteins,
of which a-bungarotoxin, a potent antagonist for the nicotinic
ACh receptor, is the best known member.

FAS has been shown to bind in a ‘cork-and-bottle fashion’
to the entrance of the active-site gorge of AChE which is
situated in the negatively charged ‘northern’ hemisphere
(Bourne et al., 1995; Harel et al., 1995). The surface comple-
mentarity between enzyme and inhibitor is very large; about
2000 A? of accessible surface are buried upon binding,
including the region of the ‘annular’ motif. In addition to
this large surface complementarity, the AChE-FAS complex
displays significant electrostatic complementarity. Analysis of
the topography of surface potentials of FAS shows that it also
possesses a ‘bipolar’ motif, with a preponderance of positive
surface which is absent in other three-fingered snake toxins.
(Karlsson et al., 1984). This positive surface characterizes the
zone of interaction between FAS and AChE (Harel et al., 1995).

Analysis of the sequence alignment of the proteins we
investigated shows no sequence motif shared exclusively by
AChE, GLI, NRT and NL. Thus the conjunction of the
topographical distribution of surface potentials with the topo-
logical arrangement of the polypeptide chain seems the most
important common structural factor conserved between these
proteins. It is thus plausible that the shared electrostatic motif
indicates a common recognition mechanism or even a common
ligand. We hypothesize that a chimeric construct of the
cytoplasmic domain of NRT with the mutant form of AChE,
in which seven negative residues have been neutralized to
abolish the electrostatic motif, will not display the same
adhesive properties as a construct built with wild-type AChE.
We further predict that constructs with hBChE and CrCE will
not be able to promote heterogeneous cell adhesion, the former
because it lacks the ‘annular’ motif, and the latter because of
a large deviation from the common ChE-like fold.

The above considerations lead us to conclude that GLI,
NRT, NLs and AChE are the first members of a class of
adhesion proteins that, because of their common electrostatic
and structural motif, we have named ‘electrotactins’.
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The electrostatic potentials for the three-dimensional struc-
tures of cholinesterases from various species were calcu-
lated, using the Delphi algorithm, on the basis of the
Poisson-Boltzmann equation. We used structures for Tor-
pedo californica and mouse acetylcholinesterase, and built
homology models of the human, Bungarus fasciatus, and
Drosophila melanogaster acetylcholinesterases and human
butyrylcholinesterase. All these structures reveal a negative
external surface potential, in the area around the entrance
to the active-site gorge, that becomes more negative as the
rim of the gorge is approached. Moreover, in all cases, the
potential becomes increasingly more negative along the
central axis running down the gorge, and is largest at the
base of the gorge, near the active site. Ten key acidic
residues conserved in the sequence alignments of AChE
from various species, both in the surface area near the
entrance of the active-site gorge and at its base, appear to
be primarily responsible for these potentials. The potentials
are highly correlated among the structures examined, down
to sequence identities as low as 35%. This indicates that
they are a conserved property of the cholinesterase family,
could serve to attract the positively charged substrate into
and down the gorge to the active site, and may play other
roles important for cholinesterase function. © 1998 by
Elsevier Science Inc.

Keywords: cholinesterase, electrostatics, electric potential,
electrostatic motif

INTRODUCTION

Inspection of the X-ray structure of acetylcholinesterase
(AChE, or acetylcholine acetylhydrolase, EC 3.1.1.7) from
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Torpedo californica (TcAChE)' revealed that the active site is
buried within the enzyme, near the bottom of an approximately
20-A-long gorge that in places is less than 4 A wide. It is
thought that the substrate acetylcholine (ACh) must travel
down this gorge to reach the active site.'~* More recently, it has
been noticed that TcAChE has a large “dipole moment,” cal-
culated to be 5004 to 1 500 debyes.5 This would suggest that
there is an excess of negative charge in the vicinity of the gorge
entrance that might aid in attracting the positively charged
substrate toward the gorge. Well before the three-dimensional
(3D) structure of AChE was determined, Nolte et al.® had
already suggested that a high density of negative charge in the
vicinity of the active site might serve to attract the substrate
toward it.

The concept of a dipole moment can be defined formally
only for an electrically neutral entity. This is because, in a
charged species, the dipole is no longer a fixed, intrinsic
property, but depends on its position in the coordinate system.
Nevertheless, there is value in calculating dipole moments even
for charged molecules positioned in a consistent way in a
common coordinate system, as a measure of the inhomogeneity
of the distribution of their partial atomic charges. To distin-
guish such a dipole from a true dipole moment, we shall call it
a position-dependent first moment of charge distribution, p =
S(r,q,), where r; is the position vector and g; is the partial
charge located on each atom i in the molecule.

Here we examine whether such large first moments are
common in cholinesterases (ChEs) in general, and study the
relationship between the overall charge distributions and the
actual electric potentials, both external and inside the catalytic
gorge. The potentials were calculated by solving the Poisson-
Boltzmann equation, as implemented in the DelPhi algorithm’.
Two X-ray structures from the Protein Databank (PDB) were
employed, 2ace? for T. californica AChE (TcAChE) and
1mah3, with the inhibitor fasciculin removed, for Mus muscu-
Ius (mouse) AChE (mAChE). In addition, homology models
were prepared for human AChE (hAChE), Bungarus fasciatus
(snake) AChE (BfAChE), Drosophila melanogaster AChE
(DmAChE), and human butyrylcholinesterase (hBChE, acyl-
choline acylhydrolase, EC 3.1.1.8). We also analyze the rela-
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tion between these potentials and a set of conserved, negatively
charged residues.

METHODS
Homology models

Homology models of hAChE, BfAChE, DmAChE, and hBChE
were constructed using the Swiss-Model server on the World
Wide Web® 10 (URL http://www.expasy.ch/swissmod/SWISS-
MODEL.html/). This procedure was chosen because it auto-
matically runs the FASTA!! and BLAST!? sequence homology
searches against its structural database, and constructs an initial
sequence alignment from which it generates an initial model.
These initial sequence alignments were later improved by
comparison with a multisequence alignment obtained from the
program Pileup'? to produce better models.

The models were constructed using an existing TcAChE
structure that Swiss-Model retrieved automatically from its
database (lacj, a complex of TcAChE with 1,2,3,4-tetrahydro-
9-aminoacridine [tacrine] with the tacrine removed), and the
appropriate sequences in the Swiss-Prot database, except for
BfAChE, whose sequence came from Ref. 14. The final se-
quence alignments of the model structures with TcAChE are
shown in Figures 1-4.

Missing atoms were added to the incomplete side chains of
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each of these models, using the program WHAT-IF!5, to en§ufe
proper assignment of hydrogens and atomic charges. Each
structure was then oriented so that the gorge axis was aligned
along the +z-coordinate axis. The gorge axis was defined as
extending from residue [444 atom CD (1444-CD) to the aver-
age of atoms E73-CA, N280-CB, D285-CG, and L333-O
(TcAChE numbering)'¢. This orientation is illustrated in the
ribbon diagram of Figure 5'7. While it differs somewhat from
that used in previous studies*, it has the advantage of simpli-
fying the calculation and analysis of properties with respect to
the gorge axis. The missing residues 486—-489 (HSQE) were
added to the TcAChE structure. Throughout this study, the
numbering of residues is that of TcAChE!S.

RMS comparisons of the backbone fold .

We calculated the root mean square (RMS) deviation of each
model from the PDB structure lacj, based on the o carbons,
using application LSQMAN!920, As shown in Table 1, the
average RMS deviations are generally within 1 A, indicating
that the peptide chains of the homology models faithfully
follow the TcAChE fold. Table 1 also gives the percent se-
quence identity and similarity for each model against the lacj
sequence'®, on the basis of the sequence alignments in Figures
1-4. For evaluations of similarity, we used as sets of similar

: Human acetylcholinesterase .
Torpedo californica acetylcholinesterase

48
VA GE: GHRE QI el R SAFLGIPFAEPPRGHIRF|S
NT “S¢ < MeTg PVLSSH SLYZNeMFNAE [€NM A
8 14 128

VWIYGGGFYSGH]

WVEVWIYGGGFYSGE

111 12

N.Y\FGGDPLR
el3F GGDP S

208
VT A
VT

205

2

. . 368
HGL[e] (B [edYV FL YGAPGFﬁKDN L A I§ A} -G
KKT{e (R [}YN FLIYGAPGFSKDSE S 4 E# Slea S
: 61

448

[Z AQLAG LAAQEARVYANVEERGLIS THSIELITIEP

I 8y MHFVN YTKFENGTYLNF GNGLESNEVITZENAY 1
441

529

Q ~ SEDLRY EVRR Ai®IA
DENTE[Y K\JHQREZV|

520

491

Figure 1. Sequence alignment, in Swiss-Model format, used to construct the homology model of hAChE relative to structure
lacj. Identical residues are presented against a dark background, and similar residues (A and G; T and S; D and E; K and
R; FandY; Nand Q; and I, V, L, and M) are presented against a gray background. Residue positions indicated by an asterisk
(*) indicate 1acj residues that were not used in the homology modeling, and dashes (-) mark the locations of missing residues
(e.g., locations in the alignment where no residues of a given structure correspond with those given for the other). Hash marks

(#) indicate the positions of conserved acidic residues.
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Modelled structure :Bungarus fasciatus acqtylchplinesterase .
Reference structure:1ACJ.pdb - Torpedo californica acetylcholinesterase
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Figure 2. Swiss-Model sequence alignment used to construct the homology model of BfAChE relative to 1acj.

Modelled structure : D. melanogaster acetylcholinesterase
Reference structure : 1ACJ.pdb - Torpedo californica acetylcholinesterase
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Figure 3. Swiss-Model sequence alignment used to construct the homology model of DmAChE relative to 1acj.
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Figure 4. Swiss-Model sequence alignment used to construct the homology model of hBChE relative to 1acj.

Figure 5. Ribbon diagram of TcAChE. The diagram was
prepared by MOLSCRIPT!”, and shows the orientation em-
ployed in Color Plate 1. The gorge axis is denoted by a dark
vertical bar, and residues W84, S200, W279, and F330 are
drawn as stick figures.

residues A and G; Tand S; D and E; K and R; F and Y; N and
Q; and I, V, L, and M (Figure 4 of Ref. 1).

Calculations of position-dependent first moments

The first moments of charge distribution (equivalent to dipole
moments; see above) were calculated using the Parse set of
partial electric charges on the atoms (optimized specifically for
DelPhi to fit data for small molecules; see Ref. 21). Two
methods of positioning were used: geometric centering by use
of the InsightIl DelPhi module??, and by center of charge, as
calculated by GRASP2,

Calculations of electrostatic potentials by DelPhi

Calculation of electrostatic potentials was performed by solv-
ing the Poisson-Boltzmann equation, employing the finite dif-
ference method?* as implemented in the DelPhi algorithm?s,
We employed the Parse partial atomic charges and radii?!,
internal and external dielectric constant values of 2 and 80,
solvent and ionic probe radii of 1.4 and 2 A (i.e., closest
approach to the molecular surface), respectively, and 0.145 M
(physiological) ionic strength. For the electrostatic figures and
surface potentials, the easy-to-use application GRASP? proved
satisfactory. After the electrostatic potentials were calculated,
an accessible molecular surface figure, colored according to
potential, was prepared, and two files were written, one con-
taining the Cartesian coordinates of the surface points in PDB
format, and another containing the corresponding potentials at
these points. On the basis of trial profiles of surface point
potentials, we established the space containing the external
surface points near the gorge entrance to be a cylindrical region
starting 25 A above the gorge base (e.g., atom 1444-CD) and
between 3.5 and 20.5 A from the gorge axis. This region was
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Table 1. Calculated properties of cholinesterase models, relative to those of Torpedo californica acetylcholinesterase

Percent sequence

Average Ca RMS

Correlation coefficients for:

Deviation No. of Surface Gorge
Structure Identity” Similarity® (A residues’ potentials? potentials”
TcAChE® 100 100 0.35 528 1.00 1.00
BfAChE/ 66 75 0.31 524 0.80 0.96
mAChE?® 58 70 0.89 520 0.89 0.99
hAChE" 57 70 0.48 524 0.89 0.99
hBChE' 53 69 0.42 525 0.66 0.94
DmAChE/ 35 48 0.78 508 0.86 0.94

“ Sequence identity or similarity versus structure 1acj, according to the sequence alignments given in Figures 1-4, and using as sets of similar residues A

and G; T and S; D and E; K and R; F and Y; N and Q;and I, V, L, and M.
» Compared with structure 1acj, as calculated using the program LSQMAN'920,

< That is, the number of residue pairs LSQMAN used to calculate the RMS deviation.
4 Compared with the corresponding potentials for the TcAChE structure 2ace, as determined using the program Linfit*.

¢ X-Ray structure 2ace (TcAChE).
/Homology model of BfAChE.

# X-Ray structure 1mah (mAChE).
* Homology model of hAChE.
 Homology model of hBChE.

J Homology model of DmAChE.

divided into 1-A-thick concentric annular sections, e.g., from
3.5 to 4.5 A from the gorge axis, with mean distance 4 A, from
4.5 to 5.5 A, with mean distance 5 A, etc., as shown in Figure
6, and the average potentials of the surface points in each
annulus and in the entire region were calculated.

GRASP is not accurate enough for calculations inside the
gorge, which in places is only about 4 A wide, smaller than the

+ Gorge Axis

20.5 A

i

W R —————
E i s 509
O ]

Y . K

]

e

%
R ——

25 A Above

‘ Base of Gorge

.

Figure 6. Definition of the annular sections of the accessible
molecular surface about the gorge axis.

322 J. Mol. Graphics Mod., 1997, Vol. 15, October

grid spacing in the GRASP potential grid. A commercial ver-
sion of the program DelPhi2? was, therefore, employed. This
allows a finer grid and greater control over the calculations,
e.g., of the nonlinear Poisson—Boltzmann equation, which is
not available in GRASP. An initial potential grid with a 35-A
border space, and a grid spacing of about 2.3 A, was later
focused onto a second grid with 10-A border space and grid
spacing of about 1.45 A (atomic resolution). Finally, we cal-
culated the potential at 1-A intervals along the gorge axis (as
defined above), starting 4 A above atom 1444-CD (TcAChE
numbering), using the Insightll DelPhi module. Correlation
analyses of the surface and gorge potentials for the specified
model were done by a linear regression fit against the corre-
sponding values for the TcAChE structure, using the Linfit
algorithm.?¢

RESULTS AND DISCUSSION

Sequence similarities and structural
RMS deviations

Table 1 presents the sequence identities and similarities versus
PDB entry lacj for the sequence alignments used to generate
the different models. Also presented are the structural RMS
deviations of the a carbons relative to those of lacj. Most of
the sequences have about 55-60% identity, and their corre-
sponding structures have average RMS deviations within 1 A
of that of 1acj. Our calculated RMS value for mAChE, 0.89 A,
compares well with the value of 0.84 A calculated in Ref. 8.

Calculated position-dependent first moments of
charge distribution

Table 2 shows the calculated net molecular charges, the first
moments of charge distribution, and the angles the first-
moment vectors make with the gorge axis, for the ChE struc-
tures analyzed. All the structures have a rather large moment of



Table 2. Calculated position-dependent first moments of charge distribution (debyes) for cholinesterases and

other proteins

Centered geometrically

Center-of-charge centered

Net First Angle with gorge First Angle with gorge
Structure charge moment axis (degrees) moment axis (degrees)
TcAChE —-11 1 666 32 ' 1676 35
BfAChE -9 1 688 31 1639 32
mAChE -8 1070 13 1016 18
hAChE —10 883 16 948 19
hBChE -1 1527 30 1523 31
DmAChE —18 1135 31 1232 31

800-1 800 debyes, aligned roughly along the gorge axis, and both
centering methods agree to within 20%. The calculated value for
BfAChE is in fair agreement with the experimentally measured
value of 1 000?7. It can thus be concluded that all the ChEs that
we have studied have an asymmetric charge distribution, such
that there is an excess of negative charge in the region near the
gorge entrance, relative to the far side of the enzyme.

External potentials and those near
the gorge entrance

The external potentials of the different ChEs are displayed in
Color Plate 1, which shows red (+0.25 kT/e) and blue (—0.25
kT/e) isopotential surfaces (1 kT/e = 25.6 mV). The green
arrows represent the directions of the first-moment vectors.
The ribbon diagram of TcAChE in Figure 5 defines the view

used. In all the structures, the pattern of external potentials
reflects strongly the calculated nonhomogeneous charge distri-
butions. In particular, the face of the enzyme leading into the
gorge (yellow bar) has a mostly negative potential (red sur-
face), while positively charged regions (blue surface) are
mostly on the opposite side.

The surface potentials in the region around the gorge for
most of the ChEs are depicted in Color Plate 2, which displays
accessible surfaces colored by potential and viewed down the
gorge axis. In all the structures, the region around the gorge
entrance is red, indicating a negative potential in this area. A
close-up view of this region for TcAChE, including a series of
isopotential rings (Color Plate 3, top), illustrates clearly the
gradually increasing negative potential in this region that could
play a significant role in accelerating diffusion of the cationic
substrate toward the active site.
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Figure 7. Scaled mean surface potentials in annular sections about the gorge axis in ChE models. These annular regions are

defined in Figure 6.
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Figure 8. Scaled potentials along the gorge axis in ChE models.

Figure 7 shows the calculated mean potential in a series of for TcAChE are given in Table 1. The average potentials (in
1-A-thick annular sections out to 20 A from the gorge axis, for kT/e units, equal to 25.6 mV or 0.593 kcal mol™" e ) for the
the various ChE structures. They all display a gradually in- different models over the entire 20-A cylindrical region are as
creasing negative potential as the gorge entrance is approached. follows: TcAChE, —2.27; BfAChE, —1.14; mAChE, —1.41;

The correlation coefficients for these curves relative to those hAChE, —1.14; hBChE, —0.05; and DmAChE, —2.36. All the
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Figure 9. Potentials along the gorge axis in hAChE mutants.
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Table 3. Conservation of critical acidic residues in the cholinesterase sequence alignments,” relative to the .

TCAChE sequence

Model D72 E82 E199 E278 D342 D351 D380 D381 E443 E445
BfAChE * * * * * * * _ # #
mAChE * * * * * _ _ b L * "
hAChE * * * * * (*) _ b _ b % %
hBChE * * * * * *) % # * %
DmAChE — * * — * — *) — * *

“ According to the sequence alignments given in Figures 1-4, and a similar alignment for mAChE. The presence of the given residue aligned to that of
TcAChE is indicated by an asterisk. An asterisk in parentheses means that glutamate and aspartate have been interchanged, which should not affect the

electrostatics. A dash (—) indicates that the residue is not conserved.

” In the sequence alignment, these two residues are offset by two positions.

structures show a fairly good correlation to TcAChE, except for
hBChE, whose average potential and correlation coefficient are
significantly lower. Hence, all the AChEs studied have a com-
mon electrostatic pattern or motif?8 around the gorge entrance,
while BChE displays a somewhat different pattern. The bio-
logical significance of this region of conserved negative po-
tential is under investigation.2?

Electrostatic potentials along the axis of the
catalytic gorge

A slice view through the catalytic gorge of TcAChE (Color
Plate 3, bottom, a and b) illustrates clearly that the potential
increases gradually as one goes down the gorge, and reaches a
maximum near its base. Figure 8 shows a plot of these calcu-
lated potentials at 1-A intervals along the gorge axis, starting 4
A from the gorge base, for all the models examined. The
potentials were scaled such that the potentials 35 A from the
gorge base were set to zero, so as to permit meaningful com-
parison of the values for the different models. All the AChE
models display a similar, gradually increasing negative poten-
tial, beginning several angstroms outside the gorge entrance,
and continuing down the gorge toward the active site. In an
area ~14-8 A from the base of the gorge, depending on the
particular species, the potentials are relatively level, and then
drop sharply toward the bottom of the gorge. A similar pattern
of potentials for TcAChE was calculated by Wlodek et al.?° In
the case of hBChE the plateau region is essentially absent.
Table 1 shows that the gorge potentials, including that for
hBChE, have correlations approaching unity versus T7cAChE,
which is a much smaller degree of variation than that calculated
for the external potentials, for the fold or for the sequence
similarity. Hence, these potentials are strongly conserved
among all the ChEs, and thus may play an important role in
drawing the positively charged substrate down the gorge to the
active site®3!32,

Relation to conserved acidic residues in the
sequence alignments

The origin of these conserved potentials can be understood by
examining the conservation of key acidic residues in the se-
quence alignments. Shafferman et al.?? identified seven surface
acidic residues near the gorge (E82, E278, E285, E342, D351,
D380, and D381) thought to be primarily responsible for the

negative surface potential near the gorge entrance (see also
Antosiewicz et al.!¢) Also important is an additional negatively
charged residue, D72, located midway down the gorge.! Fi-
nally, E199 and E443, near the gorge base, together with
nearby E445, appear to be primarily responsible for the large
negative potential in this region.3%-34 Table 3 shows that 10 of
these residues are highly conserved in the sequence alignments
of our homology models. In particular, E§2, D342, E443 and
E445 are conserved among all the models, as is D72 in all but
the DmAChE model. E285 is conserved only in hAChE and
mAChE, and is not included in Table 3. Hence, the calculated
electrostatic properties are a function of certain key acidic
residues conserved in the sequence alignment on the backdrop
of a common backbone fold. Figure 10 shows the position of
these conserved residues within the three-dimensional structure
of TcAChE.

As a check, we prepared a second hAChE homology model
using version 4 of the program Modeller®>-36, in which four
different TcAChE structures and one mAChE structure from
the PDB were ‘used together to build the hAChE model. Its

Figure 10. Ribbon diagram showing the position in the 3D
structure of TcAChE of the ten conserved residues listed in
Table 3. The black bar denotes the gorge axis.
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calculated surface and gorge potentials are practically identical
to those of the original model, with correlation coefficients of
0.97 and 0.99, respectively, against the original hAChHE model,
and 0.88 and 0.98 against TcAChE, even though the RMS
deviation between the two hAChE models was 0.50 A. Hence
our conclusions are valid even if the homology models are only
approximate. As a second check, we prepared (by residue
replacement) from the first hAChE model a series of mutant
models, including E199Q, E443Q, D72N, and the Shafferman
et al. H7 mutant®, in which all seven acidic residues near the
gorge entrance listed above were neutralized. Their effects on
the gorge potentials are shown in Figure 9, where the H7
mutations affect mainly the potentials in the top half of the
gorge, D72N influences the potentials mainly in the middle, at
~12 A from the base of the gorge, and E199Q and E443Q
affect primarily the potential near the base of the gorge. Fur-
thermore, the average surface potential for the H7 mutant was
reduced from —1.14 to —0.05 kT/e units relative to the wild
type (and the patterns of surface and gorge potentials correlated
as 0.96 and 0.99 against hAChE WT and as 0.93 and 0.99
against TcAChE). The relatively larger effect of the E199Q and
E443Q mutations probably results from these residues being
buried within the molecule below the gorge.

We can conclude that the consistent pattern of electric po-
tentials around the entrance to the active-site gorge and within
it has its origin in a small number of critical acidic residues that
are conserved within highly homologous regions of the se-
quence alignments, such that they occupy the same key loca-
tions in the ChE fold. This explains how structures with se-
quence identities as low as 35% can have such highly
correlated potentials, and suggests that they are important for
the functional roles of the ChEs.
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External and internal electrostatic potentials of cholinesterase models

Color Plate 1. Schematic view of the =0.25-kT/e isopotential surfaces for TcAChE, mAChE, and the various homology
models. These representations were prepared using GRASP23, and the orientation is the same as in the ribbon diagram shown
in Figure 5. The red and blue isopotential surfaces are, respectively, negative and positive. The unscaled green arrows
represent the directions of the first-moment vectors, the peptide backbones are presented in white, and the yellow bars indicate
the gorge axes. (1 kT/e unit = 25.6 mV.) (a) TcAChE; (b) BfAChE; (c) mAChE; (d) hAChE; (e) hBChE; (f) DmAChHE.
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Color Plate 2. GRASP drawing of the solvent-accessible molecular surface, looking down the catalytic gorge, color coded by
electrostatic potential. All regions of the surface with potentials of 2.5 kT/e and above are colored blue, those near 0 kT/e are
white, and those that are —2.5 kT/e and below are red. Note that the gorge entrance in the center, and the entire region around
it, are colored red. (a) TcAChE; (b) BfAChE; (c) mAChE; (d) hAChE; (e) hBChE; (f) DmAChE.
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Color Plate 3. (top) Close-up view of the accessible surface of TcAChE around the gorge entrance. The orientation is as in
Color Plate 2a, and a series of isopotential rings is shown at values of —3.0 (blue), —4.2 (green), —5.7 (amber), —7.8 (gray),
—9.5 (red), and —11.5 (purple) kT/e units. (bottom) GRASP drawings of slices through the molecular surface of TcAChe. The
slices are colored by electrostatic potential, and display the catalytic gorge and residues D72 (yellow), W84 (white), D199
(red), S200 (green), W279 (magenta), F330 (blue), and E443 (tan). Regions of the surface with potential =0 kT/e are blue,
those near —11 kT/e are white, and those <22 kT/e and below are red. (a) View in the same orientation as in Color Plate 1;
(b) view rotated 90° about the vertical axis relative to (a).
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INTRODUCTION

Many of the salient features of the active site of acetylcholinesterase (AChE), both
in terms of catalytic mechanism and of recognition of substrates and inhibitors, were de-
lineated almost 50 years ago by Irwin Wilson, in collaboration with Felix Bergmann and
the late David Nachmansohn. These seminal observations were made several decades
prior to cloning, sequencing and, eventually, determination of the 3D structure of AChE.
Furthermore, they were made without the benefit of fluorescence (or even absorption)
spectroscopy, not to mention NMR, EPR and circular dichroism.

In the following, we will first discuss the studies of Wilson and his colleagues,
which set the stage for much of the subsequent work on AChE. We will then go on to
show how both chemical modification and spectroscopic techniques were utilized to sup-
plement the data acquired by kinetic studies, and to discuss the contributions of sequenc-
ing and cloning studies. The open questions raised by the 3D structure will then be
analyzed, and finally, recent developments arising out of the structural work will be dis-
cussed which may shed new light on the noncholinergic functions of AChE.

THE ACYL-ENZYME CONCEPT

In a remarkable series of papers, published in the years 1950-2 (1-8), Wilson and
his colleagues put forward the pioneering concept that the mechanism of action of AChE
involved an acyl-enzyme intermediate. They provided experimental evidence in support
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of this notion by demonstrating formation of butyrylcholine from monobutyrin and
choline (4), and by means of an ingenious experiment in which AChE was shown to cata-
lyze the hydrolysis of thiolacetic acid with concomitant release of hydrogen sulfide (8).
They also proposed a model for the active-site (Fig. 1), defining an esteratic subsite, con-
taining the catalytic machinery for hydrolysis of the ester bond, and the so-called ‘an-
jonic’ subsite, which would provide the recognition site for binding the quaternary
choline moiety (2). Within the esteratic subsite they proposed an entity, G,, correspond-
ing to what we would now call the ‘oxyanion hole’, and another entity, G, with which
the putative covalent bond would be formed, which they believed to be the same histid-
ine residue involved in catalysis, but which we now know to be a serine residue. The
rapid turnover of AChE made isolation of the corresponding acetyl enzyme extremely
difficult. It was only in 1984 that Wilson himself, together with his long-standing associ-
ate, Harry Froede, finally provided the direct experimental evidence for what he had pre-
dicted almost 35 years earlier (9).

THE ANIONIC SITE

Wilson, together with his colleagues, made an equally thorough and perceptive study
of the ‘anionic’ site. In particular, he compared the interaction with AChE of ACh and of a
series of analogs, including the uncharged isoster, and analogs of ACh in which 1-3
methyl groups were added successively to the nitrogen atom of the choline moiety. He was
thus able to assess the contribution of both the methyl groups and the positive charge to
the affinity of the substrate for the enzyme (10). He also studied a series of inhibitors gen-
erated by successive methylation of the ammonium ion or of ethanolamine (10). These
studies enabled him to conclude that ‘most of the binding of ACh is accounted for by Cou-
lombic and hydrophobic interactions at the anionic site’ (11). However, Wilson was aware
that the structure-function relationships that he had delineated could not be explained by a
simple fitting of substrate to enzyme. His data showed that all four methyl groups of ACh
contributed to its binding to the enzyme. This, in turn, implied that all four must be in con-
tact with the protein, and Wilson postulated that the interaction must involve some sort of
‘reshaping’ of the protein molecule (10), what we would now call a conformational
change. In fact, he was presenting evidence favoring a buried active site, which, from the
3D structure (12), we now know to be the case. Indeed, we have argued that a buried ac-
tive site, permitting maximal interaction of the enzyme with its substrate, drastically low-
ers the energy of the transition state, thus contributing to the unusual catalytic power of

ACHE (13).

-
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ANALOGIES BETWEEN AChE AND THE ACETYLCHOLINE
RECEPTOR

Although no high-resolution structure of the nicotinic acetylcholine receptor
(nAChR) is yet available, it has been argued that, as in the case of ACHE, its ACh-binding
site is at the bottom of a deep cleft (14). Stauffer and Karlin (15) have defined its electro-
static characteristics, and the late Christian Hirth, in collaboration with Maurice Goeldner
and the group of Jean-Pierre Changeux, used photoaffinity labeling to provide evidence
for the presence of a number of aromatic residues in the immediate vicinity of the ACh-
binding site (16, 17). Thus, even though the evidence points to this binding site being at
the interface between two subunits (17, 18), it does seem to share many structural features
with AChE. Wilson and Nachmansohn addressed this issue at a time when consideration
of receptors in molecular terms was to make a daring leap into the future, and actually
proposed that a conformational change induced in the nAChR upon binding of ACh might
be responsible for the change in ion permeability induced (10, 19).

THE PERIPHERAL ANIONIC SITE

Not only did the pioneering studies of Wilson and his coworkers provide the first de-
scription of the esteratic and ‘anionic’ subsites; they also postulated the existence of a ‘pe-
ripheral’ anionic site, due to their observation that diquaternary salts displayed much
greater inhibition constants than homologous monoquaternary salts (6). They rationalized
this as being due to these elongated compounds bridging the two ‘anionic’ sites, as the
structural data now confirm completely (20).

PYRIDINE-2-ALDOXIME METHIODIDE-
AN ACTIVE-SITE-DIRECTED REACTIVATOR

A direct outcome of Wilson’s studies on the structure-function relationships of
AChHE with substrates and inhibitors was the development, together with Sara Ginzburg,
of the active-site directed reactivator, pyridine-2-aldoxime methiodide (2-PAM), as a treat-
ment for intoxication by nerve agents and insecticides (21). Even today, over 40 years
later, despite the emergence of structure-related drug design, making use of data obtained
by X-ray crystallography, and utilizing sophisticated docking programs, run on super com-
puters equipped with state-of-the-art graphics, this still remains one of the most impres-
sive and effective examples of drug design. Even though various improved versions of the
original compound have been developed, including bisquaternary oximes, 2-PAM itself is
still in use in the protective kits which are issued to soldiers in the field by the US Army
(22), and is employed to treat insecticide poisoning in casualty wards (23). As was pointed
out at the time, “the quaternary oxime is a million times better than the non-methylated
compound... in reactivating TEPP-inhibited enzyme” (21), or, in another publication:
“With this new compound we have for the first time obtained large and indeed complete
reactivation of diisopropyl fluorophosphate inhibition. The practical significance of this
theory and of the new compound are self-evident” 29).
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CHEMICAL MODIFICATION AND SPECTROSCOPIC STUDIES

During the years which elapsed after these pioneering achievements, which took
place, for the most part in the early fifties, a massive body of structure-function work on
AChE continued, due to its crucial role at cholinergic synapses, and consequently serving as
a target for insecticides, nerve agents and certain drugs (25). But at the basic level, work on
its mechanism of action was overshadowed by work on simpler and more accessible serine
hydrolases (26). Thus the amino-acid sequence of chymotrypsin was known by mid-sixties,
and its 3D structure had been solved by the end of the same decade (27). Much of the work
on AChE focused on its quaternary structure and modes of anchoring (28, 29), and often
went along with developmental studies (29). However, alongside this large body of struc-
tural and developmental work, there was a continuing effort to identify subsites and residues
participating in enzymic activity, primarily by chemical modification, but also by use of ab-
sorption and fluorescence Spectroscopy. Thus, the group of Palmer Taylor showed that
propidium could serve as a probe for the ‘peripheral’ anionic site (30). The late Christian
Hirth, who died an untimely death just after the Fourth Cholinesterase Meeting in Eilat, in
1992 (31), together with Maurice Goeldner, pioneered the elegant use of photoaffinity la-
bels for characterization of AChE (32), as well as for the nAChR, as mentioned above (16,
17), and also of some ingenious suicide substrates (33), tools which could be eventually
used, in combination with sequencing, to complement structural studies (20, 34).

EVIDENCE FOR AROMATIC RESIDUES IN THE ACTIVE SITE

Our own laboratory also adopted the chemical modification approach, together with
absorption and fluorescence spectroscopy, to probe the active site of AChE. Like the re-
sults obtained by other groups, our data also indicated an important role for aromatic
amino acid residues in or adjacent to the active site of AChE, and I present a number of
examples.

Mooser et al. (35) had shown that the fluorescent ligand, N-methyl-acridinium
(MAC) was a competitive inhibitor, whose fluorescence was quenched completely upon
binding at the ‘anionic’ subsite of the active site. We extended his observations by show-
ing that the spectrum of a complex of MAC with Electrophorus AChE displayed a new
absorption band in the red, very similar to that observed for a complex of MAC with a low
molecular weight tryptophan derivative (36). This spectral band was ascribed to formation
of a charge-transfer complex by stacking of MAC against a tryptophan within the active
site. This assignment was fully borne out by the X-ray structure of the complex in which
tacrine was shown to be stacked against W84 of TeAChE (20).

Together with Shmaryahu Blumberg, we utilized a novel series of reagents, N-hy-
droxy-succinimide (NHS) esters of amino acid derivatives, which he had developed in the
laboratory of Bert Vallee, at Harvard Medical School, for chemical modification of neutral
proteases (37). Although modification by these reagents actually enhanced the activity of
the neutral protease, they served as inhibitors of AChE, and their efficiency increased with
the size of the side-chain, the best one tested being the NHS ester of N-acetyl-p-(2,4-dini-
troanilino)-L-phenylalanine (38). It might be expected that inhibition would be by interac-
tion with the active-site serine, as is the case for organophosphates and carbamates.
However, we noticed that some residual activity always remained. Furthermore, if the en-
zyme was sequentially blocked by diethyl phosphorofluoridate and the NHS ester, yield-
ing completely inactive enzyme, reactivation by 2-PAM produced the same residual
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activity produced by inhibition with the NHS ester alone. These data proved that the NHS
ester was inhibiting enzymic activity by modification of a residue distinct from the active-
site serine, and the fact that rapid reactivation could be achieved by exposure to hydroxy-
lamine suggested that a tyrosine phenolic group had been modified. Spectral examination
of the conjugate further revealed a red shift in the absorption spectrum of the chromo-
phore which could be ascribed to a charge transfer complex with the indole ring of a Trp
residue. So it is plausible that the NHS ester is modifying a Tyr residue within the active-
site gorge, e.g. Y121 or Y70, with its chromophore stacking against the indole of W279.
Irwin Wilson spent two sabbatical leaves at the Weizmann Institute, during one of
which he studied the inhibition of AChE by arsenite. This reagent had earlier been shown
to inhibit AChE by Mounter & Whittaker (39), but Irnie extended their studies and showed
that inhibition was occurring via bimolecular kinetics, strongly suggesting that a covalent
reaction was occurring (40). Arsenite is known to inhibit enzymes containing vicinal thiol
groups, but the Electrophorus AChE was known to be devoid of free thiols (41). At the
time, we proposed that arsenite might be acting by simultaneously modifying 2-3 suitably
Jjuxtaposed hydroxyl groups. Several years later, Irnie’s student, Jimmy Page, showed that
arsenite reduced by two the number of tyrosines available for modification by tetrani-
tromethane in Electrophorus AChE (42). Now that we know that the gorge contains sev-
eral conserved Tyr residues (12), it would be of interest to carry out docking studies in
order to see which of them might be involved, or to try to locate them crystallographically
in an arsenite-AChE crystalline complex. '

CLONING AND SEQUENCING

AChE, together with butyrylcholinesterase (BChE), entered the modern (or maybe
postmodern) era in the mid-eighties when, in a very short period of time, cloning of
TcAChE by the Taylor laboratory (43), was followed by both sequencing and cloning of
human BChE, by Lockridge, La Du and coworkers (44, 45), by cloning of human BChE
by Soreq and coworkers (46), by cloning of Torpedo marmorata AChE by the Massoulié
laboratory (47), and by cloning of Drosophila AChE by Hall & Spierer (48) in Geneva.
The information so gained was of immense value to molecular geneticists and develop-
mental biologists working on the cholinesterases, but produced very little progress in
terms of structure-function relationships. Perhaps the only clear-cut advance was the iden-
tification of two of the three members of the catalytic triad, $200, by radioactive labeling
(49), and H440 on the basis of consensus sequences (50) and site-directed mutagenesis
(51). The third member of the triad, E327, had to await the 3D structure (12). In retro-
spect, one may ascribe this lack of progress both to the size of the catalytic subunit and to
the fact that, as it turned out, the cholinesterases belong to a family with a novel fold, no
member of which had yet been described, the a/p hydrolase fold family (52). Thus, except
at the level of the catalytic triad, no useful comparisons could be made. Even for the triad,
the fact that all the serine hydrolases then known contained an Asp residue as the acidic
member of the triad turned out to be misleading, since both AChE and the homologous G.
candidum lipase (53) turned out to have a Glu residue instead.

THE 3D STRUCTURE

So the 3D structure of AChE, when finally solved, came as a complete surprise to all of
us! However, when one considers both the scope and accuracy of the predictions made by
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Wilson and his coworkers, with the modest tools and data available to them, one has to ask if,
by careful consideration of all the data available to us, we might not have been able to predict
that the active site would be buried. These would include the extensive kinetic and spectro-
scopic data on the ‘peripheral’ and bisquaternary inhibitors, as well as the data of Wilson, re-
ferred to above, demonstrating the interaction of all four methyl groups of ACh with the
enzyme, which he interpreted as indicating that, in the complex, the enzyme would envelope
the substrate (10). But I think that all of us were overwhelmed by the high catalytic activity.
Similarly, the ionic strength dependence, indicating several negatively charged groups in the
active site (54), masked the large body of chemical modification data which might, if they had
been viewed dispassionately, have suggested the possibility of quaternary ion— electron in-
teractions. Physical organic chemists and scientists studying host-guest interactions were
aware of such interactions (55, 56) well before demonstration of W84 within the ‘anionic’ site
by affinity labeling (57), and solution of the 3D structure of TeAChE (12).

OPEN QUESTIONS

Although the 3D structure has now been at our disposal for over seven years, it has
provided us with a whole set of new problems which await solution. Some of the principal
questions, which are not mutually exclusive, are as follows: I. Why is the active site deeply
buried within the enzyme? 2. What is the functional significance of the array of aromatic
residues which line the active-site gorge? 3. What is the role of the highly asymmetric distri-
bution of charge? 4. What are the structural features which account for the unusually high
catalytic activity, relative to other serine hydrolases? 5. Is there a ‘back’ or ‘side’ door, or
does traffic of substrate and products proceed exclusively along the gorge axis?

Unlike Wilson and his colleagues, almost 50 years ago, we are fortunate in having at
our disposal, at the end of the millennium, an extensive repertoire of experimental tech-
niques, e.g. site-directed mutagenesis, steady-state and time-resolved x-ray crystal-
lography, and a variety of spectroscopic methods, together with an arsenal of
computational tools, combined with sophisticated computer graphics, such as molecular
docking programs and molecular dynamics protocols.

The various techniques have allowed us to provide interim answers to some of the
questions raised. Thus, as already mentioned, it is plausible that the deeply buried active-
site permits a large reduction in the energy level of the transition state (13). The large di-
pole moment generated by the asymmetric charge distribution is aligned along the axis of
the active-site gorge (58-60), suggesting that it plays a role in attraction of the positively
charged substrate towards and down the gorge. Site-directed mutagenesis, resulting in
elimination of seven of the negative charges responsible for the charge asymmetry, does
not produce a dramatic change in kinetic constants (61). Nevertheless, it can be calculated
that electrostatic steering is responsible for an increase in rate constants by about one or-
der of magnitude (62), and that both long-range and short-range electrostatic forces con-
tribute (63). Molecular dynamics simulations provide evidence in support of one or
another ‘side’ or “back’ door hypothesis (64, 65). Furthermore, the residual catalytic activ-
ity observed in the presence of the snake venom toxin, fasciculin (66-68), which, on the
basis of crystallographic evidence, appears to block the entrance to the active-site gorge
completely (69, 70), also argues in favor of alternative routes to the active site. Again,
site-directed mutagenesis experiments argue against such a possibility (71-73). It is hoped
that time-resolved crystallography will provide a direct approach to this issue, and we are
developing appropriate experimental tools (74, 75).
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NONCHOLINERGIC FUNCTIONS

Finally, the pioneering observations suggesting noncatalytic and/or noncholinergic
functions for AChE (76, 77) are being vindicated, and coming to fruition, in the context of
the 3D structure of the enzyme. The fact that various adhesion proteins, such as glutactin
(78) and neurotactin (79, 80), display significant sequence homology with AChE, but lack
one or more of the key catalytic residues, was recognized even prior to elucidation of the
3D structure, in the wake of the cloning studies (81). But definition of the o/f hydrolase
fold family (52, 82) led to the modeling of the extracellular domain of neurotactin on the
basis of the 3D structure of 7cAChE (83). On this basis, a chimeric construct was pro-
duced in which the extracellular domain of neurotactin was replaced by TcAChE or
Drosophila AChE. The chimeric proteins were shown to be endowed with the same het-
erophilic adhesion properties as wild-type neurotactin (83). A comparison was made of the
electrostatic characteristics of three such adhesion proteins, the Drosophila proteins,
neurotactin (79) and gliotactin (84), and the mammalian protein, neuroligin (85), with
those of various AChEs. This comparison permitted identification of a shared electrostatic
motif (86) in the area corresponding to an annulus surrounding the entrance to the active-
site gorge of the enzyme (87). These findings, examined in the context of previous evi-
dence involving this same region in a possible cell-recognition functions for AChE (88,
89), suggest that the ChE-like domain of the adhesion proteins and of AChE may share a
common recognition mechanism and/or ligand. This has led us to define a class of adhe-
sion proteins which we have named the ‘electrotactins’ (87).

CONCLUDING REMARKS

It may be hoped that by the time of the 7th International Cholinesterase Meeting,
early in the next millennium, just 50 years after the pioneering observations of Wilson,
Bergmann and Nachmansohn, many of the controversies, relating to both catalytic and
noncatalytic functions of the cholinesterases, will have been resolved. They will, however,
surely have been replaced by a fresh set of interesting and challenging questions!
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INTRODUCTION

Most vertebrates contain a single gene encoding for AChE, and alternative splicing
gives rise to two catalytic subunits, H and T. H subunits form GPI-anchored dimers,
whereas T subunits can occur as monomers, dimers and tetramers, which are dimers of di-
sulfide-linked dimers. T subunits also associate with structural subunits (P and Q) to form
membrane-anchored tetramers and asymmetric forms, in which one to three tetramers are
attached to a collagen-like tail (1).

The first known three-dimensional structure of AChE was that of Torpedo califor-
nica (TcAChE), which is a dimer of H subunits (2). Since then, the structure of AChE from
other species has been determined, but all consist of H subunits (3,4). The only experi-
mental evidence for the quaternary structure of tetrameric AChE was obtained from crys-
tals of Electrophorus electricus AChE (EeAChE). The tetramers were obtained by tryptic
cleavage of asymmetric forms of EeAChE.

Crystals of the eel enzyme were reported as early as 1968 (5), and the first diffrac-
tion experiments were described in 1975 (6). The crystals took a few years to grow to a
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useable size, and diffracted to about 4 A resolution. A few precession photographs were
taken, giving space group P6,22 (a=b=187 A, ¢=292 A). In 1988 a new crystal form was
reported, orthorhombic F222 (a=141.0 A, b=202.4 A, ¢=237.4 A), with crystals that grew
up to 0.8 mm long in a few days (7). A data set was collected with this crystal form, to 4.4
A resolution, but no heavy-atom derivatives were found. When the structure of 7cAChE to
2.8 A resolution was published in 1991 (2), work on this structure was discontinued.

In higher vertebrates, the predominant molecular forms of AChE are all based on T
subunits. 'With reports of new clinically important drugs having selectivity for certain mo-
lecular forms (8), it is important to understand the molecular basis for the association of
catalytic subunits with one another and with structural subunits. Since the data on
EeAChE represent the only published data on a tetrameric form of AChE, elucidation of
the structure was attempted.

METHODS

The raw data consist of 360 frames with an oscillation step of 0.25°, which were col-
lected on an in-house rotating anode at Argonne National Laboratory (7). The data were
processed with XENGEN v1.2 (9) to 4.4 A resolution, giving 10,192 unique reflections
with a completeness of 92% (99% to 4.66 /3\) and an Rsym of 14.1%.

The asymmetric unit of the crystal was expected to contain two monomers, related
by non-crystallographic symmetry (see below). For molecular replacement, the coordi-
nates of the native TtAChE structure (10) were used in the program AMORE (11). The
search for a monomer yielded only one peak in the cross-rotation search, instead of the ex-
pected two. This solution gave an R-factor of 42.2% and a correlation coefficient of
61.7%, over a background of solutions with R-factors higher than 50%. A second solution
could not be found, even when the first solution was fixed and a second one was searched
for. The self-rotation search basically shows only 180° rotations in three orthogonal direc-

tions, which coincide with the crystallographic twofold symmetry.

RESULTS

In the crystal structure of EeAChE, a solution was found for the position and the ori-
entation of the protein molecule in the unit cell of the experimental data, using molecular
replacement. Starting with this solution for the monomer, one of the three crystallographic
twofold axes generates a proper biological dimer, with a four-helix bundle at the interface,
as is seen in crystal structures of other species of AChE (2-4). A second twofold axis, per-
pendicular to the first, reveals the relative arrangement of dimers in a tetramer, with a
slight twist of ~20° from planarity (Fig. 1).

There is a large gap between the two dimers, about 30 A wide, where the four C-ter-

mini point towards each other. This space is most likely to be partly occupied by the extra
4 times 40 residues at the C-termini (12). An electron-density difference map shows very
little density in the gap, which may be due to the current resolution and R-factor.

DISCUSSION

Based on sequence analysis, biochemical analysis and mutagenesis studies, a model
was recently constructed of the additional ~40 C-terminal residues in the T form of AChE.
Using this model, combined with spatial information such as the proximity of the four C-
terminal cysteines, an arrangement for the monomers in the AChE tetramer was proposed
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prior to the determination of the crystal structure. In this model, four subunits form a
pseudo-square arrangement (Fig. 2). At the interface between the two dimers, the mostly
helical fragments form two additional four-helix bundles (12).

Comparison of Figs. 1 and 2 immediately shows the excellent agreement between
the model and the crystal structure, apart from the twist between the two dimers.

Schrag et al. (7) determined the protein content of the unit cell to be about 60%, on
the basis of the measured density of the crystals (1.25 g/cm’) and the specific volume of
the EeAChE tetramer (0.714 cm’/g). Using the unit cell volume (141.20 x 202.20 X
237.30 A%) and the number of equivalent positions in space group F222 (viz. 16), the spe-
cific weight of the asymmetric unit was calculated to be 206,000 g/mol. If it is assumed
that two monomers occupy the asymmetric unit, the density measurements can be recon-
ciled with the calculated solvent content and the weight percentage of protein. This as-
sumption also gives a reasonable number for Matthew'’s coefficient (Vy=3.2).

In analogy to dimeric trigonal TcAChE, the monomers in a tetramer of EeAChE
were expected to be related by crystallographic two-fold Symmetry, since the unit cell con-
tains no less than three intersecting twofold axes. The two monomers in the asymmetric
unit were, therefore, expected to be related by non-crystatlographic symmetry. However,
the search for a monomer yielded only one peak in the cross-rotation search, instead of
two. resulting in a rather sparsely occupied asymmetric unit.

Despite the limited success with molecular replacement, the initial goal was
achieved, since the crystallographic 222 symmetry applied to the monomer gave the struc-
ture of the EeAChE tetramer. The fact that a proper dimer with a four-helix bundle at the
interface was obtained, strongly argues that the molecular replacement solution, and,
therefore. the crystallographic model of the tetramer, is correct.

Nevertheless, using all 16 symmetry operations, generating four tetramers, to obtain
the full packing of the unit cell shows that there are large voids that could easily and
neatly be occupied by four more tetramers by simple translation of the obtained tetramers
by half the ¢ axis. The empty spaces have a volume of 70 x 100 x 120 A°, large enough for
an entire AChE tetramer. It was therefore suspected that the unit cell dimensions and/or
the space group might not have been determined correctly. With this suspicion in mind,
the data were reprocessed using X-GEN, the modern version of XENGEN (9). The result-
ing data set still had the same space group and similar unit cel] dimensions, and yielded
the same results in molecular replacement.

In the current structure, the calculated solvent content of the crystal is 81%
(V,,=6.5). A second molecular replacement solution, which would have provided another
four tetramers to pack into the unit cell, could not be found. This could mean that the addi-
tional tetramers are either disordered, or simply absent. Even though a solvent content
higher than 80% is uncommon, there are other known cases.

CONCLUSIONS

The quaternary structure of the tetramer of EeAChE has been solved, using the
structure of a 7eAChE monomer as a model. In the resulting structure, the relative posi-
tioning of subunits is in excellent agreement with a recently proposed model (12) except
that the dimers are slightly twisted with respect to one another, rather than coplanar. The
fact that the crystallographic symmetry applied on the EeAChE monomer yields a dimer,
with a four-helix bundle at the interface, as seen in the 7tAChE structure, indicates that
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the obtained structure of the tetramer is correct. This is the first crystallographic determi-
nation of the quaternary structure of a tetrameric form of AChE.
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INTRODUCTION

Observations documenting adverse effects of anticholinergic drugs on memory,
taken together with postmortem data which revealed low cholinergic activities in Alzhe-
imer’s Disease (AD) patients, led to the hypothesis, known as the ‘cholinergic hypothesis’,
that AD is associated with an impairment in cholinergic transmission (1). This led to the
suggestion that cholinesterase (ChE) inhibitors would reverse deficits in acetylcholine
(ACh) levels associated with AD, and thus might reverse the memory impairments charac-
teristic of the disease. Consequently, a number of ChE inhibitors have been considered as
candidates for the symptomatic treatment of AD, and have been utilized in clinical trials.
They include natural substances, such as physostigmine (2) and huperzine A (3), both of
which are alkaloids, and synthetic compounds, such as SDZ ENA-713, also known as
Exelon® (4), and metrifonate (5). Recently, evidence was presented that AChE may con-
tribute to the generation of amyloid proteins and/or physically affect the process of fibril
assembly which results in the formation of the senile plaques characteristic of AD (6). It
Was suggested that a hydrophobic environment close to the peripheral binding site of the
€nzyme, at or near the entrance to the active-site gorge, may be involved in this process
(7).

The first two drugs, and the only ones so far, approved by the FDA for the manage-
ment of AD, are both reversible inhibitors of AChE, namely tacrine (THA), approved in
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1993, and marketed as Cognex" (8), and the more potent ChE inhibitor, E2020 ((R.S)-1-
bcnzyl—4-[(5,6-dimethoxy—]-indanon)—Z-yl]methyipiperidine). also know by its trivial
name donepezil hydrochloride, and marketed as Aricept®, which was approved in 1996
(9). E2020 is a member of a large family of N-benzylpiperidine-based AChE inhibitors
which were developed, synthesized and evaluated by Eisai Company Ltd. in Japan (10) on
the basis of QSAR studies (11,12) prior to elucidation of the 3D structure of Torpedo cali-
fornica AChE (TcAChE) (13). It was shown to significantly enhance performance in ani-
mal models of cholinergic hypofunction (14), and to have high affinity for AChE, binding
to both electric eel and mouse AChE in the nanomolar range (15). THA and E2020 share

the same target, but while THA must be administered up to four times a day, and is associ- -

ated with hepatotoxicity, slow pharmacokinetics and high incidence of side effects , E2020
offers the patient significant improvements by being administered only once daily, and by
having fewer side effects. Furthermore, E2020 displays high selectivity for AChE relative
to butyrylcholinesterase (BChE); this may be important, since it has been suggested that
inhibition of BChE, abundant in human plasma, may cause potentiating side effects
(16,17). Thus the affinity of E2020 for human AChE is ~1000 fold greater than for human
BChE, whereas THA has a similar affinity for the two enzymes.

EXPERIMENTAL

Protein Preparation and Crystallization

TcAChE was purified and crystallized as described previously (18). E2020, as the
hydrochloride salt of the pure racemate, was a generous gift from Dr. B.P. Doctor (Divi-
sion of Biochemistry, Walter Reed Army Institute of Research, Washington, DC). TcAChE
crystals were soaked in ~10mM (R,S)-E2020 for five days at 4°C, and flash cooled to

100°K.
X-Ray Data Collection and Processing

Data were collected ‘in-house’, at the Weizmann Institute of Science, on a Rigaku
FR300 generator set at 50mA, 50kV and 1.54184A wavelength (Cu K_ radiation),
equipped with a Rigaku RAXIS-II detector.

Model Refinement and Analysis

The structure was refined on the basis of the starting model of native 7cAChE ( PDB
ID 2ACE), using only the polypeptide and none of the solvent atoms, employing XPLOR
(19). Voids were calculated between the inhibitor molecule as one entity, and the protein
and solvent molecules as a second entity (20).

RESULTS AND DISCUSSION

The 3D structure of the complex shows more detail of the AChE structure than the
starting native model (2ACE). Primarily, residues 2 and 3, at the N-terminus, and ‘h? 484~
490 loop, which were not seen in the original model, can be discerned. In addition, it wi§
possible to model the proximal N-acetyl glucosamine (NAG) moiety at
putative glycosylation sites, viz. at residues Asn59, Asn416 (where two N

TN

four out of five
AG moicties ;
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Table 1. Data collection and refinement statistics

Data Collection
Resolution range (A)
No. of reflections
No. of unique reflections
Completeness (%)
me (%)
" Refinement
No. of protein non-hydrogen atoms
No. of hetero non-hydrogen atoms:
Water molecules
Carbohydrate
Inhibitor
Resolution (/\)
R, o (%)
Rl‘rec (%) .
Average B-factor (A?):;
Main chain
Side chain
Protein
Inhibotor
Carbohydrate
Water molecules
All atoms
RMSD bond length (A)
RMSD bond angle (°)
RMSD dihedral angle (°)
RMSD improper angle (°)

30.0-25
34264
15670

98.1
5

4255=2137m.c. + 2118 s.c.

396
5x 14=70in five NAG groups
28 in one E20 group
2.5
18.8 (no s cutoff)
22.9 (no s cutoff)

27.19
28.75
27.97
20.40
47.62
37.19
28.98
0.005
1.2
229
0.98

Rieree=Z [1-<1> | /21,

merge

Rouon= | IFHIF 1 /ZF,

errl:
ment

could be fitted), Asn457 and Asn533. An anal
summarized in Table 1.

is calculated using 2000 randomly selected reflections excluded from the refine-

ysis of the quality of the refined model is

ALL THREE SEGMENTS OF E2020 INTERACT WITH AChE

ith the enzyme, and each of these interactions in-
s which appear crucial for specificity (figure 1).
h the enzyme through: 1) the benzyl moiety; 2) the
Xyindanone moiety. It is material to recognize how
s, which line the gorge in abundance, for hydropho-
-stacking interactions, and does not make direct contact with the protein though
such interactions as H-bonds or salt-bridges other than via water molecules.

Interactions at the Bottom of the Gorge

Near the bottom of the gorge, one face of the benzyl ring makes a classic parallel] '-!
ng with the six-membered ring of the W84 indole, similarly to THA (21). It thus oc-



rm

’ v

rs) G. Kryzereral

@”““n./meN

WAT1254

\

5, WAT1160 *—g'G118N

¥

e/ €

. ’l"\’l =
' WAT1161

Ay

Gi11oNF 27,
{ 6 I'
S2Q00G ¢ ’
. 201
-" . o
ws4 ™~

Figure 1. Binding modes of E2020 to AChE. E2020 is displayed as a ball-and-stick model (chiral center marked
with black star); direct binding residues are represented as dark grey sticks. water-mediated binding residues as
light grey sticks, water molecules as light grey balls, “standard” H-bonds as heavy dashed lines, aromatic H-
bonds, n-cation and n-n stacking as light dashed lines

cupies the binding site occupied by quaternary ligands, such as edrophonium (21), and
modeled for the quaternary group of the natural substrate, ACh (13,22). On the cpposite
face, the benzyl group makes a classic aromatic hydrogen bond with a water molecule
(WAT1160). This water is held firmly by a hydrogen bond to another water molecule
(WAT1161), in the “oxyanion hole”, and to WAT1159. WAT1161 is another example of a
tightly bound water molecule; it makes a hydrogen bond with the residues of the oxyanion
hole and with S2000y. E2020 does not interact directly either with the catalytic triad or

with the “oxyanion hole”.

Interactions in the Middle of the Gorge

In the constricted region, halfway up the gorge, the charged nitrogen of the piperid-

ine ring makes a cation-' interaction (23,24) with the phenyl ring of F330. The ring nitro-
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gen also makes an in-line H-bond with WAT1159. As already mentioned, the binding site
for the quaternary nitrogen of ACh within the active site, and for homologous ligands, is
the indole ring of W84 (13). These data suggest that F330 may serve as an additional qua-
ternary binding site, of possible functional significance, midway down the gorge, between

- the peripheral binding site and the anionic subsite of the active site.

Interactions at the Entrance to the Gorge

At the top of the gorge, the indanone ring stacks against the 6-membered ring of the
indole moiety of W279, in the peripheral binding site, in a classic parallel !-' interaction.
The fact that the binding of E2020 is strongly dependent on interaction with W279 and
F330, which are absent in BChE, may explain its high relative specificity for AChE vs.
BChE. The carbonyl function on the indanone is not in direct contact with the protein, but
appears to make a water-bridged contact with F288N.

ONLY ONE ENANTIOMER OF E2020 IS BOUND TO AChE

The reported pharmacological studies on E2020 emphasize that both enantiomers
are active, and even exhibit similar, but not identical, binding affinities for AChE (25,26).
Based on these reports, and on the fact that we used the racemate in our crystallographic
study, we expected either to find evidence, in the form of electron density, for the presence
of both enantiomers in the crystal structure, or partial disorder which would support the
presence of both. Yet, when an attempt was made to fit a number of plausible inhibitor
conformations within the active-site gorge, a unique fit to the experimental electron den-
sity was found for one conformation of the R form, which is also very similar to our ener-
getically minimized E2020 conformation, with the indanone carbonyl group pointing
towards F288N as mentioned above. Thus, the enzyme appears to have bound the R form
selectively, despite the similarity in binding constants. Selective binding cannot be due to
a limitation in the amount of S form, since (R,S)-E2020 was soaked into the crystal at
10mM, i.e. at a great molar excess. It should also be noted that the two enantiomers of
E2020 interconvert readily in aqueous solution, via a ketoenol intermediate (27). It is not
immediately obvious what could cause such a preferential binding of one form, taking into
account their similar affinities. It should, however, be born in mind that not only are the li-
gand and active site chiral, but also the entire lattice of the crystalline enzyme into which
the E2020 is being soaked. A chiral environment, such as a protein, a crystal lattice, or any
biological system, may cause the stereoisomers to tautomerize at different rates. Based on
steric considerations, it appears that both the R and S enantiomers could bind in very simi-
lar conformations, with only the position of the carbonyl function on the 5-membered ring
of the indanone moiety distinguishing between them. A model which we built displaying a
carbonyl on the other side of the indanone, representing the S form, does not make contact
with any protein atom, and thus might be bound less tightly than the observed R form,
cven though this is inconsistent with the published inhibition data (25). Furthermore, the
4.0A link between the indanone carbonyl and F288N, whether bridged by a water mole-
cule or not, combined with the fact that the carbonyl “nests” amongst three aromatic sys-
tems of residues F288, F290 and F331, might be sufficient to introduce a bias in favor of
prefential binding of the R form. As already mentioned, R-S interconversion, via
tautomerization, is known to occur, and might indeed take place under the experimental
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conditions employed. Thus, one explanation for the inhibitory potency of the S form
would invoke AChE-induced S-to-R tautomerization.

STRUCTURE-BASED MODIFICATION OF E2020

Chemical modification of an already effective drug can often improve its pharma-
cological profile in terms of affinity and specificity. The calculated “empty” spaces within
the gorge which are revealed in the 3D structure of the E2020/AChE complex point to
candidate sites on the ligand where added functions might indeed enhance its pharma-
cological profile. Separation of enantiomers, which are chemically indistinguishable by
non-chiral environments, is difficult, inefficient and costly. In the case of E2020, we sug-
gest that introduction of a second chiral center, with concomitant generation of a dias-
tereomer system, would facilitate isolation of an active component from the mixture so
generated. Inspection of the “empty” spaces left within the aromatic gorge by the ordered
solvent and by E2020 reveals a finger-shaped void at the acyl-binding pocket. This pocket,
defined by F288, F290, F331 and W233, could envelop a non-polar substituent branching
from the piperidine ring at position E2020:C12. A substituent on the piperidine, which
would interact with the “acyl pocket”, combined with the existing chiral center, would
produce a separable diastereomeric inhibitor.

The recent observations, mentioned above, concerning the effect of peripheral-site
ligands on AChE-enhanced amyloid deposition (6), raise the possiblity that E2020, which
our data clearly show as stacking against W279, might also moderate the rate of fibril for-
mation. Many of the compounds synthesized and tested by the Eisai company involved
modification of this segment of the molecule (11,12). But it should be borne in mind that
the screening which they carried out involved assessment of affinity for AChE, together
with selectivity for AChE relative to BChE, not a possible effect on amyloid fibril assem-

bly or deposition.
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BACKGROUND

Acetylcholinesterase (AChE; EC 3.1.1.7) is an especially efficient serine hydrolase
that catalyzes acetylcholine (ACh) hydrolysis at the neuromuscular junction (reviewed in
1). The catalytic pathway includes an acyl-enzyme intermediate that is hydrolyzed with a
half-time of approximately 50 upsec (2). The acylation-deacylation mechanism renders
ACHhE susceptible to rapid, stoichiometric and essentially irreversible inhibition by a class
of organophosphate (OP) inhibitors, typified by diisopropylphosphorofluoridate (DFP)
and the phosphonate nerve agents, which react as “hemisubstrates” to yield stable analogs
of the deacylation transition state.

*
The opinions or assertions contained herein belong to the authors and are not necessarily the official views of the
U.S. Army or the U.S. Department of Defense.
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Figure 1. Structures of OP Inhibitors

Unlike the intermediates formed by carboxyl ester substrates, the OP-enzyme per-
sists for many hours or days (reviewed in 3). The prolonged stability of phosphonylated
AChE accounts for the high toxicity of nerve agents. Slow hydrolysis has been explained
by steric exclusion; the active site histidine residue is not positioned to carry a water
molecule to the correct face of the phosphorus required for nucleophilic attack (4,5). It
also has been proposed that the catalytic His is immobilized by unproductive hydrogen
bonding with an oxygen atom of the OP (6). Some OP-AChE conjugates undergo an inter-
nal dealkylation reaction, called “aging,” which has been proposed to introduce a formal
negative charge that further stabilizes the phosphoenzyme (7).

The three-dimensional structures of AChE (8) and computer-based homology mod-
els of related cholinesterases, combined with site-directed mutagenesis studies, have per-
mitted tentative identification of specific amino acid residues which constitute several
catalytic subsites, including an oxyanion hole, an acyl pocket, and a choline binding site
(also called the “anionic site”) (9-12). Direct testing of these hypothetical domains with
natural substrates has not yet been achieved because of the inherent instability of the acyl-
enzyme. Our goal was to solve structures of phosphylated” AChEs as a means of: (i) un-
derstanding the basis for stability of the aged, OP-enzyme complex, and (ii) providing
structural models for intermediates of carboxyl ester hydrolysis that could validate hypo-
thetical catalytic subsites.

MATERIALS AND METHODS

AChOE was purified from Torpedo californica (Ic) and inhibited with DFP, O-iso-
propylmethylphosponofluoridate (sarin), or O-pinacolylmethylphosphonofluoridate (so-
man) (Figure 1). DFP and sarin were used at 300-fold molar excess to enzyme, and soman
was used at a 2,100-fold molar excess. Enzyme was allowed to undergo complete aging in
solution (>95% aged as judged by no reactivation after incubation in 10mM 2-PAM or
TMB-4 for 20 hrs).

Excess OP was removed by gel filtration and aged OP-AChE was crystallized by the
hanging drop method using PEG-200 as precipitant in 0.25M MES buffer, pH 5.8, 4°C.
Protein crystals were flash cooled to cryogenic temperature after exchanging the mother
liquor with oil, and subsequently were mounted on a Rigaku R-AXIS-II camera on a Ri-

" The term “phosphylated” denotes phosphorylation and phosphonylation reactions without distinction.
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Figure 2. Active site of MeP-TcAChE, ob-
tained by reaction with sarin. Note the prox-
imity of four H-bond donors (dashed lines)
to the anionic phosphonyl oxygen atoms:
backbone amide nitrogens of A201, G118,
and G119, as well as Ne2 of H440. The OP
methyl carbon is within non-bonded contact
distances (dotted lines) of F288 (3,59;\ to
Cel) and F290 (3.59A to Cel) in the acy!
pocket. For reference, the Ca-traces of na-
tive- and OP-enzyme are overlaid. The ac-
tive site shown is essentially identical to
that obtained with soman (not shown), ex-
cept for minor differences in inter-atomic
distances (Table ).

gaku rotating anode FR300 generator at the Weizmann Institute (Rehovot, Israel). Data
collection parameters were optimized using the software STRATEGY (13).

The starting model of native 7tAChE (2ACE coordinates in the Brookhaven Protein
Data Bank) was used for initial rigid-body refinement (14). Each of the three OP struc-
tures was refined independently, using difference Fourier methods. Final structures were
compared, root mean square (rms) calculations were performed, and figures were made
using the Biosym Insight97 software.

RESULTS AND DISCUSSION
The aged OP-AChE structures were refined at 2.2A (DFP), 2.5A (sarin), and 2.2A
(soman) resolution. In each structure, the highest positive difference density peak, corre-

sponding to the OP, was observed to be within covalent bonding distance of Ser200. Reac-
tion with sarin or soman resulted in a methylphosphonylated (MeP)-AChE (Figure 2), and

Table 1. Distances in TcAChE-OP conjugates (A)

Atom | Atom 2 DFP sarin soman
H440 Ne2 ‘O (-P) 2.91 2.83 2.67
GII8N O (=P) 2.58 2.90 2.78
GII9N O (=P) 2.50 2.69 2.44
A201N O (=P) 3.19 2.98 2.98
$200 Oy H440 Ne2 3.20 2.87 3.17
H440 N61 E327 Oel 2.49 2.78 241

H440 N§1 E327 02 4.27 4.66 4.40
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Figure 3. Active site of MiPrP-TcAChE
obtained by reaction with DFP. As with
aged, phosphonylated AChE, the stabil-
ity of MiPrP-AChE apparently stems
from four potential H-bond donors
(dashed lines) to the anionic phosphoryl
oxygen atoms. However, unlike for
soman or sarin, the reaction with DFP
results in a distortion of the main chain
in the acyl pocket of AChE. F288 and
F290 move significantly from their posi-
tions in the native enzyme (shown with
thin dark lines for reference). The Ca-
traces of native- and MiPrP-TcAChE are
overlaid.

reaction with DFP resulted in a monoisopropylphosphorylated (MiPrP)-AChE structure
(Figure 3).

The large molar excess of sarin or soman used should have resulted in almost exclu-
sive reaction of AChE with the toxic, P(S) stereoisomers (15). Assuming no reorientation
of the inhibitor in the active site during aging, the absolute configuration at the phospho-
rus (P) atom in the MeP-AChE structures is consistent with a simple in-line nucleophilic
attack and inversion of stercochemistry at P during phosphonylation. The inversion
mechanism has been proposed for AChE by analogy with other serine hydrolases (16).
Comparison of the aged sarin and DFP conjugates, both of which have lost an isopropoxy
group during aging, supports this conclusion.

Why Aged Enzyme Does Not Reactivate

The primary problem created by the dealkylation reaction of aging is the introduc-
tion of a formal negative charge, because anionic phosphoesters are inherently resistant to
nucleophilic attack (17). Specific interactions between the enzyme’s active site and the OP
also may contribute to the stability of aged AChE, however, because denatured “aged”
M/iPrP-AChE does undergo base-catalyzed dephosphorylation (18).

A hydrogen bond from Ng2 of the active site imidazolium to one oxygen atom of the
anionic OP conjugate has been postulated to be a key interaction that stabilizes aged,
MiPrP-trypsin (19,20), as well as MiPrP-chymotrypsin (21). Active site distances of the
three solved OP-AChE structures (Table 1) are consistent with the formation of this puta-
tive H-bond.

Our results reinforce the conclusion that there are multiple factors militating against
reactivation of aged AChE: (i) the anionic character of the phosphoester; (ii) three poten-
tial H-bond donors from the oxyanion hole to one of the oxygen atoms bound to P; (iii) an
additional H-bond from the His440 Ne2 to the other oxygen atom; and (iv) the wrong pro-
tonation state and poor geometry for His440 to act as a general base catalyst.

N
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Structural Model for the Enzyme-Substrate Transition State

The phosphonyl oxygen atoms may carry significantly greater fractional negative
charges than do the oxygens of the ACh transition state (TS) adduct (cf., 16 and 20). De-
spite this limitation, the active sites of MeP-AChE should provide useful structural ana-
logs for modeling the deacylation TS formed by the natural substrate (ACh) (20, 22).

The position of the phosphonyl oxygen should mimic that of the TS carbonyl oxy-
gen. All three OP structures corroborate that the oxyanion is stabilized in AChE by poten-
tial H-bonds from the amide nitrogens of G118, G119 and A201 (Figure 2, 3; Table 1).
This is consistent with preliminary modeling of ACh binding to native AChE (8), as well
as with the structure of a trifluoroketone TS inhibitor complex with AChE (TMTFA; 23).

A hydrophobic pocket which surrounds the phosphonate methyl group is formed in
TeAChE by W233, G119, F288, and F290. F331 may contribute to the acyl pocket by provid-
ing m-m-interactions with F288. Both F288 and F290 provide close non-bonded contacts to the
sarin or soman methyl group (Figure 2), suggesting that these aromatic side chains also com-
plement the methyl of ACh in the TS. Contacts from the acyl pocket to the phosphonate
methyl group are generally closer than are those observed for the CF, group of TMTFA.

Movement in the Acyl Pocket

Structure-activity studies with carboxyl ester substrates and OP inhibitors first sug-
gested the presence of specific binding pockets in the active site of AChE that comple-
ment the acyl and alkoxy groups (reviewed in 5, 24). Furthermore, this approach showed
convincingly that the acyl pocket of AChE was more restricted than that of the closely re-
lated enzyme, butyrylcholinesterase (BChE; EC 3.1.1.8). When the crystal structure of
AChE became available, homology models of BChE were built and, by inference from
site-specific mutagenesis results, two aromatic residues, F288 and F290, were implicated
as the source of greater AChE selectivity (9, 11, 12, 25). The pocket of BChE was viewed
as more “open” because it contained Leu and Val (or Ile) residues at these positions,
whereas the two Phe residues in the pocket of AChE were described as a “clamp” for the
methyl group of ACh that would poorly accommodate bulkier acyl groups (25).

DFP is an approximately 300-fold poorer inhibitor of AChE than of BChE. Using
mutagenesis and a series of OPs, it was shown that the relatively poor binding of DFP was
almost completely accounted for by an increase in the K, of the human AChE-DFP revers-
ible complex that was mediated primarily by F295 and, to a lesser extent by F297, corre-
sponding to residues F288 and F290, respectively, in 7eAChE (26).

We observed the first major conformational change in a TeAChE complex for the
MiPrP-AChE structure (obtained after reaction with DFP; Figure 3). Significant move-
ment of the main chain atoms apparently allows the re-positioning of F288 and F290 to
accommodate one isopropyl group of the OP (Figure 4). Superposing the MiPrP-AChE
structure with native AChE showed that DFP causes the Co atoms at positions 288, 289,
290 and 291 to move 3.17, 1.59, 1.38 and 1.27A, respectively. The free energy penalty as-
sociated with this protein movement probably explains the reduced binding affinity of
ACHhE, relative to BChE, for DFP, the P(R) phosphonates, and other substrates or inhibi-
tors with bulky acy! groups. The conformational change in the acyl pocket observed by X- )
ray crystallography belies earlier molecular modeling studies, which generally predicted
that the degrees of freedom available to the substrate or inhibitor were restricted by F288
and F290 and not that AChE itself undergoes a major conformational movement of the
main chain to accommodate bulky ligands.
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Figure 4. Reaction with DFP distorts the 7eAChE acyl pocket. The bulky -OiPr group of DFP apparently causes
movement of F288 and F290 in the crystal structure of MiPrP-AChE (green ball-and-stick model, including green
Ca trace). The extent and unusual nature of this acyl pocket movement is shown by superimposing eight different
TcAChE structures: native AChE (2ACE, orange); aged sarin-AChE (purple); aged soman-AChE (red); de-
camethonium complex (1ACL, yellow); edrophonium complex (2ACK, pink); tacrine complex (1ACJ, brick);
TMTFK-AChE (1AMN, blue); huperzine complex (1VOT, green stick). Note that movement in the MiPrP-AChE
structure is not limited to side chains, but also includes the acyl pocket main chain. A color version of this figure

appears on the color insert facing page xxvii.

Although there is evidence for conformational changes associated with aging of
some OP-AChE, -BChE, or -chymotrypsin conjugates in solution (27-29), we found no
major structural rearrangements in 7cAChE as a result of the aging reaction itself. The rms
deviation found by comparing the Ca atoms of either MeP-AChE structure with native
AChE was less than 0.3 A. Moreover, superposing the active site residues of each MeP-
AChE with those of native 2ACE, as well as thirteen other previously solved TeAChE
structures, showed no significant movements that could be attributed to aging. It remains
possible, however, that a transient conformational change occurred on the pathway to the
final aged structure observed by X-ray crystallography. This possibility may be ap-
proached by solution studies, as well as by future X-ray crystallographic studies of OP-
AChE complexes that are not aged.
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INTRODUCTION

Acetylcholinesterase (AChE) terminates synaptic transmission at cholinergic synapses
by rapid hydrolysis of acetylcholine (ACh) (Quinn, 1987). Anticholinesterase agents are used
in the treatment of various disorders (Taylor, 1990), and have been proposed as therapeutic
agents for the management of Alzheimer’s disease (Giacobini & Becker, 1991, 1994). Two
such anti- cholinesterase agents, both of which act as reversible inhibitors of AChE, have
been licensed by the FDA: tacrine (Gauthier & Gauthier, 1991), under the trade name
Cognex, and, more recently, E2020 (Sugimoto er al., 1992), under the trade name Aricept.
Several other anticholinesterase agents are at advanced stages of clinical evaluation. The ac-
tive site of AChE contains a catalytic subsite, and a so-called ‘anionic’ subsite, which binds
the quaternary group of ACh (Quinn, 1987). A second, ‘peripheral’ anionic site is so named
since it is distant from the active site (Taylor & Lappi, 1975). Bisquaternary inhibitors of
ACHhE derive their enhanced potency, relative to homologous monoquaternary ligands (Main,
1976), from their ability to span these two ‘anionic’ sites, which are ca. 14 A apart.

The 3D structure of Torpedo AChE (Sussman et al., 1991) reveals that, like other
serine hydrolases, it contains a catalytic triad. Unexpectedly, however, for such a rapid en-
zyme, the active site is located at the bottom of a deep and narrow cavity; this cavity was
named the ‘aromatic gorge’, since >50% of its lining is composed of the rings of 14 con-
served amino acids (Sussman et al., 1991; Axelsen ef al., 1994).

X-ray crystallographic studies of complexes of AChE with drugs of pharmacological
interest can reveal which amino acid residues are important for binding the drug, and
where space might exist for modifying the drug itself, information crucial for structure-
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based drug design. Valuable information can also be achieved by site-directed mutagenesis
(Harel et al., 1992). In earlier studies (Harel et al., 1993), we described the structures of
complexes of Torpedo AChE (TcAChE) with three ligands of pharmacological interest:
namely, edrophonium, a strong competitive AChE inhibitor (Wilson & Quan, 1958),
whose pharmacological action is in the peripheral nervous system (Taylor, 1990); de-
camethonium, a bisquaternary ligand which is both a neuromuscular blocker and a choli-
nesterase inhibitor (Zaimis, 1976); and tacrine, already licensed as an anti-Alzheimer drug
(see above), which is also a strong reversible inhibitor (Heilbronn, 1961). Modelling had
predicted that the principal interaction of the quaternary group of ACh would be with
Trp84, via electrostatic interaction with the 7 electrons of its indole ring (Sussman et al.,
1991), rather than with a cluster of acidic amino acids, as had been predicted previously
(Nolte et al., 1980); such an assignment was also supported by affinity labelling (Weise et
al., 1990). The crystallographic data fully confirmed this unexpected interaction (Harel et
al., 1993). Furthermore, they revealed a prominent role for others of the conserved aro-
matic residues within the gorge. Thus the phenyl ring of Phe330 contributed substantially
to the ‘anionic’ subsite of the active site, while the ‘peripheral’ anionic site, located at the
top of the gorge, contained three aromatic residues, Tyr70, Tyr121 and Trp279. The inter-
action of the two quaternary groups of decamethonijum, located at the top and the bottom
of the gorge, was primarily with these two sets of aromatic residues (Harel ez al., 1993).

In the following, we describe the structure of two additional TcAChE-ligand com-
plexes recently solved in our laboratory: with fasciculin-II (FAS), a member of the three-
finger polypeptide toxin family, which was isolated from mamba venom (Harel et al.,
1995); and with (—)-huperzine A (HupA), an alkaloid purified from a moss used in Chi-
nese herbal medicine (Raves et al., 1997).

RESULTS AND DISCUSSION

FAS-TcAChE Complex

The venoms of elapid snakes, including the Asian cobras and kraits, as well as the Afri-
can mambas, contain a number of small proteins, containing 60—70 amino acids, which dis-
play a broad spectrum of toxic activities (Harvey, 1991). Among the best studied are the
a-neurotoxins of the venoms of the kraits and cobras, such as o-bungarotoxin, from the For-
mosan krait, Bungarus multicinctus, which are potent and specific blockers of the nicotinic
acetylcholine receptor (Changeux et al., 1970). Other toxins of this family have been shown
to act as blockers of ion channels (Albrand et al., 1995), muscarinic agonists (Ségalas et al.,
1995) and anticholinesterases (Cervefansky et al., 1991). Despite their diverse biological ac-
tivities, they display substantial sequence and structural homology. X-ray and NMR studies
show that the toxins share a common structural motif: a core, containing four disulfide
bridges, from which three loops protrude, roughly like the fingers of a hand (le Du et al.,
1992). Accordingly, they are known as the three-fingered toxin family (Wonnacott & Dajas,
1994). Superposition of their structures reveals that, whereas the structure of the central core
is conserved, the orientation of the fingers can vary considerably (Albrand et al., 1995), sug-
gesting that they serve as determinants of biological specificity. No three-dimensional struc-
ture of a complex of a three-fingered toxin with its target was, however, available.

Whereas in previous cases, the AChE-ligand complex was obtained by soaking the
ligand into crystals of the native enzyme, FAS is too large to permit such an approach. Ac-
cordingly, orthorhombic crystals of the complex were obtained from a solution containing
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Figure 1. Stoichiometric complex of fasciculin-II (FAS) with TcAChE. Shown is a ribbon diagram of the biologi-
cal dimer, in which the two subunits interact via a 4-helix bundle and a disulfide bridge (not shown). The two FAS
molecules, displayed as a line trace, are positioned over the top of the gorge leading to the active site of each
subunit.

stoichiometric (1:1) amounts of the purified TCAChE and of FAS purified from the venom
of the green mamba (Dendroaspis angusticeps), and a data set was obtained which could
be refined at 3.0 A resolution. The structure indeed reveals a stoichiometric complex, with
one FAS molecule bound to each subunit of the TcAChE dimer (Fig. 1). FAS is bound on
the surface of the subunit, at the ‘peripheral’ anionic site, thus sealing the top of the nar-
row gorge leading to the active site. A similar structure was reported independently, by
Bourne et al. (1995), for a complex of FAS with mouse recombinant AChE.

It has been noted previously that AChE has a large dipole moment (>1000 Debye),
aligned approximately along the axis of the ‘aromatic’ gorge (Ripoll et al., 1993; Porschke
et al., 1996). The field generated by this dipole might actually draw the positively charged
substrate, ACh, down the gorge towards the active site. Similarly, FAS has its charges
separated (dipole moment ca. 185 Debye), with most basic residues occurring in the first
two fingers, which make intimate contact with TcAChE, and most acidic residues in the
third finger. Visual inspection suggests that the two dipole moments are roughly aligned,
and electrostatic calculations show that the angle between the dipole vectors is only 30°.

The high affinity of FAS for AChE can be attributed to many residues either unique
to FAS or rare in other three-fingered toxins (Giles et al., 1997), and to a remarkable sur-
face complementarity, involving a large contact area (2000 AZ). This is substantially
larger, for example, than the contact area between lysozyme and an antibody raised
against it, 1700 A2, or between trypsin and bovine pancreatic trypsin inhibitor, 1400 A?
(Janin & Chothia, 1990). A most striking and rare interaction is a stacking of the side
chains of Met33 in FAS and of Trp279 in Torpedo AChE. Mutation of this tryptophan resi-
due to a nonaromatic residue decreases the affinity of FAS for AChE by over five orders
of magnitude (Radic er al., 1994), and its absence from the AChEs cloned so far from
avian and invertebrate sources (e.g. Eichler ef al., 1994; Cousin et al., 1996), as well as
from butyrylcholinesterase BChE (Harel ez al., 1992), provides a clear structural explana-
tion for their poor inhibition by FAS.
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CHy

Figure 2. Molecular structure of (-)-huperzine A (HupA).

HupA-TcAChE Complex

(-)-Huperzine A (HupA, Fig. 2) is a nootropic alkaloid extracted from the club
moss, Huperzia serrata, which has been used in China for centuries as a folk medicine
(Liu et al., 1986). HupA is a potent reversible inhibitor of AChE that lacks potentially
complicating muscarinic effects (Kozikowski et al., 1992). The existence of a natural
AChE inhibitor, taken together with its unique pharmacological features and relative lack
of toxicity (Laganiére et al., 1991), render HupA a particularly promising candidate for
treatment of Alzheimer’s disease. Indeed, studies on experimental animals reveal signifi-
cant cognitive enhancement (Xiong ez al., 1995), and clinical trials in China have both es-
tablished the safety of HupA, and provided preliminary evidence for significant effects on
patients exhibiting dementia and memory disorders (Zhang e al., 1991). The structure of
HupA reveals no obvious similarity to that of ACh. In fact, a number of studies, utilising
either computerised docking techniques and/or site-directed mutagenesis (Ashani er al.,
1994; Pang et al., 1994; Saxena et al., 1994), predicted various possible orientations of
HupA within the active site of AChE. It seemed, therefore, desirable to solve the structure
of a TcAChE-HupA complex by X-ray crystallography. It would thus be possible to estab-
lish that it indeed binds at the active-site and to determine its correct orientation, thus pro-
viding the basis for future structure-based drug design.

Soaking of HupA into native trigonal crystals of Torpedo AChE yielded a crystalline
complex from which a data set was collected which could be refined to 2.5 A resolution.
Examination of a difference map for the complex, as compared to the native enzyme,
clearly revealed a prominent electron density peak near the bottom of the ‘aromatic gorge’
with an outline resembling that of HupA. Indeed, excellent fitting of the molecule to the
electron density was obtained.

The crystal structure of the HupA-TcAChE complex (Fig. 3) shows an unexpected
orientation for the inhibitor, with surprisingly few strong direct interactions with protein
residues to explain its high affinity. The principal interactions include: (a) a strong hydro-
gen bond (2.6 A) of the carbonyl group of the ligand to Tyr130; (b) hydrogen bonds to
water molecules within the active-site gorge which are, themselves, hydrogen-bonded to
other waters or to side-chain and backbone atoms of the protein, notably to the carboxylic
oxygens of Glul99 and to the hydroxyl oxygen of Tyr121; (c) interaction of the primary
amino group of the ligand, which can be assume to be charged at the pH of the mother lig-
uor, with the aromatic rings of Trp84 and Phe330; (d) an unusually short (3.0 A) C-HO
bond between the ethylidene methyl group of HupA and the main-chain oxygen of
His440; and (e) several hydrophobic contacts notably with the side chains and main-chain
atoms of Trp84 and with residues Gly118 through Ser122.

Modelling Phe330 in the crystal structure as tyrosine, which is the corresponding
residue in mammalian AChE, permits formation of a 3.3 A hydrogen bond between the
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hydroxyl oxygen and the primary amino group of HupA. This extra hydrogen bond, in ad-
dition to n-cation interactions, may help to explain why HupA binds to mammalian AChE
5-10-fold more strongly than to TcAChE, and only weakly to BChE, which lacks an aro-
matic residue at this position (Ashani et al., 1994).

It seems surprising that an inhibitor with a relatively high affinity for AChE—X, ca.
6 nM for fetal bovine serum AChE, and 250 nM for TcAChE (Saxena ef al., 1994)—binds
through so few direct contacts. Even though HupA has three potential hydrogen-bond do-
nor and acceptor sites (Fig. 2), only one strong hydrogen bond is seen, between the pyri-
done oxygen and Tyr130. Analogous compounds with a methoxy replacing the oxygen
show no inhibition at all (Kozikowski et al., 1992). It is also of interest that the ring nitro-
gen is hydrogen-bonded to the protein via a water molecule, and hydrogen bonds between
the NH,, group and the protein are mediated through at least two waters. The aromatic
rings of both Trp84 and Phe330 are near the primary amino group. However, the structure
displays a large number of hydrophobic interactions: there are 11 contacts between a carb-
on atom of HupA and oxygen or nitrogen atoms of the protein, and 20 carbon-to-carbon
contacts within 4.0 A. Consequently, there does not appear to be much room for adding
additional groups without causing clashes. Nevertheless, addition of a methyl group near
the amide group of HupA leads to an 8-fold increase in affinity, probably due to extra hy-
drophobic contacts with Trp84 (Kozikowski et al., 1996).

In summary, the crystal structure of the HupA-TcAChE complex reveals an unex-
pected orientation of the ligand within the active site, as well as unusual protein-ligand in-
teractions. This information should be of value in the design and analysis of analogs of
HupA with improved pharmacological characteristics.

Figure 3A. Ribbon diagram of the HupA-TcAChE complex, showing the HupA molecule at the bottom of the ac-
tive-site gorge.
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Figure 3B. Enlargement of the active site region, showing the catalytic triad to the right, and some of the aromatic
residues surrounding the HupA molecule making contact.
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INTRODUCTION

Knowledge of the 3D structure of human acetylcholinesterase (AChE) is of impor-
tance for drug design, in particular of anti-Alzheimer drugs (1,2), for development of im-
proved procedures for treatment of intoxication by nerve agents (3), and for the design of
safer and more effective insecticides.

Vertebrate AChE occurs as an array of molecular forms which differ in the number
of subunits which they contain and in their quaternary structure (4). Recombinant Human
AChE (rHuAChE), expressed in HEK 293 cells, is secreted into the culture medium as a
mixture of monomers, dimers and tetramers (5), and additional heterogeneity may arise
due to variations in the extent of glycosylation (6) and to proteolytic ‘nicking’. Such het-
erogeneity may severely impede crystallization. To partially alleviate this problem, a mu-
tant of rHuUAChE was constructed in which the C-terminus had been truncated to give rise
to a homogeneous monomeric form (7).
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EXPERIMENTAL

Mutagenesis and Generation of Truncated rHuAChE

Truncation of the C-terminus of the HUAChE T-subunit (8) was performed by DNA
cassette replacement. Specifically, the 187 bp DNA fragment between BssHII and Sall in
pL5CA was replaced by the synthetic DNA duplex. The truncated DNA sequence was in-
troduced into a tripartite expression vector expressing also the reporter gene cat and the
selection marker neo. The expression vector coding for the expression of monomeric
rHuAChE was introduced into HEK 293 cells. Stable clones, secreting high levels (> 4
U/ml/h) of truncated enzyme (ECter-rHuAChE), were isolated and used in large scale
production (9) so as to obtain amounts of purified enzyme adequate for crystallization. Pu-
rification of the recombinant enzyme was carried out by affinity chromatography (10).
Catalytic activity was assayed by the Ellman method (11). Analytical sucrose density gra-
dient centrifugation was performed on 5-20% sucrose gradients. A homologous truncated
DNA sequence, in which site-directed mutagenesis afforded expression of the E202Q mu-
tant (12), was generated, expressed and characterized similarly.

Crystallization and Data Collection

Both WT rHuAChE and the E202Q mutant were cocrystallized as a stoichiometric
complex with the polypeptide toxin, fasciculin-1I (FAS-II) (13), purified from the venom
of the green mamba. Crystallization was from ammonium sulfate at neutral pH and room
temperature. Crystal size and quality were improved by recrystallization from water. X-
ray data were collected on the X12C beamline of the NSLS, at Brookhaven National
Laboratory, in both cases from a single cryogenically cooled crystal.

Structure Solution and Refinement

Structure solution of the THuAChE/FAS-II complex was carried out by molecular re-
placement, using the mouse AChE/FAS-II structure (PDB ID 1MAH, (14)) as a probe
molecule and, subsequently, as a starting model for refinement. The model of the complex
of Torpedo californica (Tc) AChE and FAS-II (PDB ID 1FSS, (15)) was used as a control
to verify the molecular replacement solution. Diffraction data for the E202Q mutant were
refined similarly, but using the rHuAChE/FAS-II structure as a starting model. The struc-
ture was refined using Xplor (simulated annealing (16)) and CNS (simulated annealing
coupled with maximum likelihood technique (17)).

RESULTS AND DISCUSSION

Characterization of ZCter-rHuAChE

The T subunit expressed was devoid of the C-terminal hydrophobic sequence corre-
sponding to residues 544-583, including €580, which forms the interchain disulfide in oli-
gomeric forms (18). These residues were replaced by the pentapeptide, ASEAP, which is
the natural C-terminal sequence in the H-subunit (4). The resulting truncated enzyme dis-
plays the following structural and catalytic characteristics: 1. Sucrose gradient centrifuga-
tion reveals a unique monomeric form, slightly slower than the monomer of the WT
enzyme; 2. SDS-PAGE suggests that a similar degree of glycosylation-related microhet-
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erogeneity is present in both the WT and the truncated enzyme; 3. The molecular weight
of the truncated polypeptide, after removal of sugar side chains by glycanase, is 60kD, as
compared to 64kD for the WT polypeptide. This difference in size is as predicted from the
difference in chain length of the two forms. 4. The catalytic characteristics of the trun-
cated enzyme, as well as the inhibition constants for its inhibition both by active and pe-
ripheral site ligands, are essentially identical to those for the WT enzyme.

X-Ray Data and Structure Refinement

Crystallization of both WT and E202Q rHuAChE produced crystals of irregular
prism morphology, which grew within 1-3 weeks to 0.01-0.1 mm in size. Recrystallization
resulted in larger, more suitable crystals, up to 0.8mm in size. The crystals exhibited
rhombohedral symmetry of space-group R32, with unit cell dimensios of a=b=150A,
¢=247A, with a single copy of the complex in the asymmetric unit. The overall complete-
ness of the 30A-2.7A data is 99.0% and 83.4%, with R e 8:1% and 9.1%, for WT and
E202Q AChE, respectively. For the wild-type enzyme, the current R, is 22% and the
R, . is 29% , and for the E202Q structure, the corresponding figures are 21 and 24%, re-
spectively. The electron density reveals residues 5- 490 and 497-543 of the HuAChE
polypeptide chain, and all 61 residues of FAS-II. The 490-497 sequence is homologous to
the external 485-490 sequence in TcAChE, which is not visible in the native 2ACE struc-
ture, but can be seen in the recently refined complex with E2020 (see Kryger et al., this
volume). In the published mouse structure (PDB ID IMAH), residues 4-543 are all present
but, judging from the temperature factors, residues 491-499 are poorly determined, espe-
cially at the 3.2A higher resolution limit of this structure. The electron density of the WT
rHuACHE structure shows the location of about 200 water molecules (none were reported
for mAChE), one N-glycosylation site, at N350, seen also in the mAChE structure, and ad-
ditional density near T504, which is a putative O-glycosylation site.

3D STRUCTURE COMPARISON OF AChE FROM THREE
SPECIES

Close inspection of the rHuAChE/FAS-II model reveals a high degree of structural
similarity between it and the two other, already published, complexes of AChE with FAS-
11, viz. of TeAChE and mAChE (14,15), especially in the active-site region and within the
aromatic gorge. Small variations can be found in some loops and in the insertion/deletion
regions. Our results validate use of TrAChE as a model for gaining a general under-
standing of the structure of AChE, but also open the way to the study of subtle differences
in structure which may account for species-dependent differences in specificity for sub-
strates and inhibitors.

E202(199)Q MUTANT

Residue E202, which is adjacent to the active-site serine, S203(200), is one of three
charged residues at the bottom of the active site gorge and plays an important role in
HuAChE reactivity. Yet, the 3D structure of the E202(/99)Q mutant is almost identical to
that of the WT enzyme. The reduction in catalytic efficiency displayed by the E202Q mu-
tant, either toward charged or uncharged substrates, and the marked concomitant de-
creases in rates of both phosphylation and aging (12,19), was explained by the
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participation of residue E202(/99) in the chemical process involving the catalytic triad
residue H447(440) (20). We proposed earlier that E202(799) plays a key role in maintain-
ing a network of H-bonds that span the cross-section of the active site gorge (19). The role
proposed for this network is to stabilize the functional architecture of the active center and
to ensure proper positioning of E202(799), thereby stabilizing acylation and phosphylation
transition states. Central to this array are the two water molecules bridging residues
E202(199)-E450(443) and E202(199)-Y133(131). Indeed, replacement of any of these
three residues has similar effects in reducing catalytic activity (12). These water molecules
appear to be conserved in the E202Q mutant. Replacement of E202 by D leads to an even
greater decrease in enzymatic activity (K values for WT, E202Q and E202D are, respec-
tively, 2640, 273 and 47 x 10° M min™). Despite the fact that the charge in E202D is
maintained, these data suggest that the H-bond network is disrupted due to the shorter side
chain of D202. It will be of interest to investigate whether the H-bond network involving
the water molecules is maintained in the E202D mutant.
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